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Abstract 
 
The European Union, in the “Thematic Strategy on the Urban Environment” (2006), 
has pointed out the importance of identification and monitoring urban environment 
quality indicators. In this scheme, the quality of 31 urban green areas in Pisa was assessed 
by monitoring topsoil physical, chemical and biological features and by using the plant 
bioindicator Taraxacum officinale Web. Results were compared with an extra-urban area 
(near S.Rossore-Migliarino-Massaciuccoli Natural Park) and with the quantitative limits 
fixed by Italian Law (DLgs 152/2006). The soils of the green areas of Pisa were mostly 
sandy, sub-alkaline, and lightly calcareous, with rather high organic matter content. They 
showed a widespread pollution by hydrocarbons, probably caused by road traffic 
incomplete combustion and by domestic heating. Only in few sites the total amounts of 
Cd, Cr and Hg were significantly higher than the minimum value established by the 
Italian Law. Probably due to the vehicular traffic, pollution by Pb, Cu and Zn was instead 
widespread. A sequential extraction (BCR method) was performed for determining the 
forms of heavy metals within the soil matrix. Instead of Zn and Pb,  Cr and Cu showed the 
absence in soil of the labile forms. As far as Cr forms were concerned, the most 
represented one was the residual, while the anthropogenic addition of the element was 
found in the oxidizable form. For Cu forms, the most represented was the residual, while 
reducible and oxidizable forms were enriched by anthropogenic addition of the element. 
Regarding Pb and Zn forms, the most represented one was the reducible, while the 
anthropogenic additions of the elements were evenly distributed among the four fractions. 
Principal component analysis revealed the existence of four different patterns of 
distribution of the elements, whose differences have been attributed at the origin, each 
composed of a different number of variables: the first one, consisting of As, Cd, Cr, Cu, Pb, 
Sb, Sn, Sr, and Zn, whose main source was fit to identify in the traffic; as to the second 
factor, consisting of Fe, Mn, and Ni, the main source was identified by pedogenic 
substrate. Each of the third and the fourth factor was composed of a single element, 
respectively Cr and Hg, which had a particular distribution, different from that of all other 
HMs. Even the geostatistical analysis has identified the previous four patterns of 
distribution of HMs, bringing back, through interpolation techniques, also their coarse 
spatial distribution; according to this analysis, the central area of the city was identified as 
the one having the most polluted green areas. Hierarchical clustering analysis identified 
different groups of areas with different levels of contamination, both from the qualitative 
and quantitative point of view. Platinoids (Pt, Pd), “new generation” pollutants, released 
from recently introduced three way catalytic converters, absent in the substrate, showed a 
beginning of accumulation in a limited number of areas. As to soil biological features, 
cumulative respiration of monitored areas was evaluated during a 25 day incubation 
period. Results showed that evolved CO2-C was different among the monitored areas and 
influenced by soil carbon total content and pollution level. Community level physiological 
profiling of soil microbial population of the monitored areas was performed by using 
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Biolog Ecoplates. The relative data of AWCD, CMD and H (Shannon-Weaver index of 
biodiversity) showed a limited variability among the monitored areas.  Soil antioxidant 
capacity was evaluated and showed changes among monitored areas, being correlated 
with organic carbon content and, in particular, with phenolic substances. Soil enzymatic 
activities vary among monitored sites and appear to be influenced by organic matter and 
pollutants’ contents. The control site has shown the lowest rate of activities if compared to 
all the other sites. Positive correlation was detected among all enzymatic activities except 
for dehydrogenase. In spite of the presence of various pollutants, vegetal bioindicator 
Taraxacum officinale Web. did not show any alteration in the photosynthetic process with 
values of Fv/Fm, and FPSII, representing respectively the efficiency of PSII in conducting 
photochemical events and photochemical yield of PSII, typical of the leaves of healthy 
plants. Even photosynthetic pigment contents and qNP, representing mechanisms aiming 
at dissipating excess excitation energy, did not show any alteration among the monitored 
areas.  That trend was confirmed by other parameters, monitored in order to understand if 
the polluted urban environment is not dangerous for the plant or if vegetal put into 
repairing actions. On the dissected aboveground and radical portions of the biomarker, 
antioxidant capacity, phenolic content, heavy metals contents and metal chelating capacity 
of vegetal tissues did not reveal any differences among the monitored sites, probably 
showing the dandelion ability in non-absorbing pollutants. We can finally conclude that 
the degree of pollution of the green areas in the city of Pisa, although present, does not 
cause major problems to the utilized bioindicators. We need more sensible biomarkers to 
effectively detect this degree of pollution. 
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Introduction 
 
 
Nowadays, all over the world, urbanized lands cover 0,50% of global ice-free land 
area (Schneider et al. 2009), whereas in many European states they represent over 10% of 
the country areas (Nuissl et al., 2008). Forward-looking studies imply that the increasing 
trend of urbanized land will continue over time (Antrop, 2004; Kasanko et al., 2006).  
On the other hand, the development of mankind in recent centuries shows that, at 
present and even more in the future, the structure, processes and transformations of 
terrestrial ecosystems in most biomes will be predominantly anthropogenic (Ellis et al., 
2010). 
In fact, today, more than half of the planet’s population lives in cities (United 
Nations, 2012), while the degree of urbanization, expressed as the percentage of the 
population living in urban places, is expected to increase rapidly over the next 20 years 
(Grimm et al., 2008a); it actually exceeds 80% both in Europe (Antrop, 2004; Chinaglia 
2007) and the United States (Grimm et al., 2008a; Pickett et al., 2011). In Italy urbanized 
land occupy an area of 3.3% of the total national territory and is home to 23.4% of the 
population (ISPRA, 2011). 
 
 
Figure 1.1 - Percentage of urban population and agglomerations by size class, 2011 
(United Nations, 2012) 
 
Inhabitants of cities and towns are increasing, due to the abandonment of the 
countryside both in industrialized countries, although their population is generally 
decreasing (Antrop, 2004), and in the developing world (Grimm et al., 2008a). Besides, 
urbanization resulted in a sharp increase of the cities’ size and complexity (Pickett et al. 
2011). From these data, we can clearly the increasing importance of urban areas, their 
ecosystem, their dynamics and the growing need to study them. 
As we have seen, cities are places where increasing large masses of people are 
concentrated in small areas. This has some obvious advantages in economic and social 
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terms, but nevertheless it leads to the rise of several problems, both from a local and global 
point of view, involving not only the territories directly concerned, but also those that are 
used for the production of materials, energy and services necessary for their survival 
(Grimm et al., 2008b). 
As a matter of fact, urban areas are responsible for an alteration in biogeochemical 
cycles (Kaye et al. 2006; Pouyat et al., 2007); air pollution (Perez et al. 2008; Noyes et al. 
2009), being main sources of CO2 and other greenhouse gases (Pataki et al., 2006; Seto & 
Satterthwaite, 2010), with elevated atmospheric concentrations of CH4 and O3,,(Kaye et al., 
2004); water contamination (Choqfi et al., 2004); soil accumulation of main nutrients (Hope 
et al., 2005; Scharenbroch et al., 2005; Cao et al., 2007) and trace metals (Bretzel & Calderisi, 
2006; Cicchella et al., 2008; Vodianitskii, 2009; Wei & Yang, 2010). Besides, urban areas are 
responsible for both global and local climate change (Bonan, 2002; Heisler & Brazel, 2010), 
for soil consumption, desertification and sealing (Vegter 2007; Scalenghe & Ajmone-
Marsan, 2009), for the difficult management of the increasing quantities of waste 
produced, and for the alteration of areas of geographical and historical value (ISPRA, 
2011). 
Cities should therefore be able to balance in a sustainable manner social, economic 
and environmental needs, putting at the heart of planning the citizens’ requirements and 
at the same time building future development considering resources exhaustibility. 
Therefore, urban planning policies should necessarily take into consideration a vision of 
urban development, where the sensitivity to environmental and social issues was perfectly 
inserted into the policies of spatial planning (Chinaglia 2007). Pursuing this goal of 
sustainable development of urban areas, in the continuity of the instances expressed in the 
various conferences held worldwide and in Europe on this subject (Rio de Janeiro 1992, 
Aalborg 1994, Lisbon 1996, Johannesburg 2002), the city of Aalborg in 2004 hosted the 
Fourth Conference of the European sustainable cities, which revealed how the European 
Community intends to pursue programs for "hospitable, prosperous, creative and 
sustainable cities, offering a good quality of life for all citizens”. 
Moreover, the European Union, in the Sixth Community Environment Action 
Programme (European Community, 2002), had already identified the improvement of 
quality of life in urban areas as a priority strategic action. The more recent “Thematic 
Strategy on the Urban Environment” (Commission of the European Communities, 2006), 
pointed out the importance of the identification of urban environment quality indicators 
and their monitoring. 
In urban areas anthropogenic influences are so strong that biochemical cycles are 
controlled by complex interactions between society and environment; consequently many 
scientists (Brown, 2003; Van Kamp et al., 2003; Davis, 2005; Kaye et al. 2006; Byrne & 
Grewal, 2008; Grimm et al., 2008a, b) underline the need to move towards a view of urban 
ecology  and environmental quality that can draw together, in a practical way, the 
knowledge from different fields  of natural and social sciences, to reach an holistic and 
ecological approach to urban landscaping. In this scheme, one of the main challenges is to 
provide those who must make decisions relating to urban policy (administrators, 
engineers, planners, architects, specialists in delivery) with tools and indicators to 
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determine the quality of urban environment and to enable a reliable measurement in order 
to propose and test scenarios for urban development (Brown, 2003). 
There are many characteristics to be taken into account in determining urban 
ecosystem health (Su et al., 2010): among all of these features, urban green areas 
undoubtedly play a key role in urban environment quality and citizen well-being because 
of the various benefits they bring to cities’ populations: among these ones, air filtration, 
micro climate regulation, noise reduction, rainwater drainage, and, above all, recreational 
and cultural values (Bolund & Hunhammar, 1999; Novak, 2006; Barbosa et al. 2007; Novak 
& Heisler, 2010). It should not be overstated the importance of green spaces in providing 
important ecosystem services in urban areas, especially for some groups of citizens such as 
children and elderly (Bolund & Hunhammar, 1999; Crane & Kinzig, 2005; Gaston et al., 
2005; Smith et al., 2005). Urban green areas also provide the primary contact with 
biodiversity and the ‘natural’ environment for many people (Jorgensen et al., 2002), 
influencing their physical and mental well-being (Takano et al., 2002; Jackson, 2003), and, 
finally, they can offer broader social benefits as meeting places that promote a better 
quality and greater dialogue opportunities in the social life (Pickett & Cadenasso, 2006). 
Among the indicators determining the quality of urban green areas, one of the main 
features is their soil quality. This is due to the fact that, although most of the city soil is not 
cultivated with edible plants, the harmful substances eventually present in it, may come 
into contact with human and other living beings through a set of interactions that 
determine their bioavailability (Abrahams , 2002; Poggio et al., 2008; Luo et al., 2012). 
Toxic substances assumption can be realized in various ways: 
 directly, through the more or less voluntary soil particles ingestion, especially by 
children (Scheyer, 2000; Ljung et al., 2006); 
 through inhalation of airborne soil particles, particularly during the dry season and 
when the ground is not covered by plants that hinder the movement of finer particles 
with their root system (Oliver, 1997); 
 through the dermal way: in fact, the contact with the skin, especially if prolonged, may 
lead to their entry into the organism (Siciliano et al., 2009); 
Moreover, urban soil quality plays a critical role in supporting urban ecosystem 
biodiversity (Montanarella et al., 2008):  urban environment (and therefore also its ground) 
in fact determines plant and animal community changes in composition, morphology and 
behaviour of different species (Lorenz & Kandeler, 2006; Yang et al., 2006; Wania et al., 
2006; Cenci et al., 2008; McCleery, 2010; Sochat et al., 2010; Volder, 2010). 
Soil is also one of the main makers of the ecological resilience of urban ecosystems. In 
cities and urbanized areas fragmentation of natural habitats, simplification and 
homogenization of species composition, disruption of hydrological systems, and alteration 
of energy flow and nutrient cycling reduces cross-scale resilience, leaving systems 
increasingly vulnerable. In this scheme, urban soils increase the degree to which urban 
ecosystems tolerate alteration before reorganizing around a new set of structures and 
processes (Alberti & Marzluff, 2004; Pavao-Zuckerman, 2008). 
We can therefore conclude that, in the urban environment, soil quality is mainly 
referred to recreational, spiritual, and cultural functions, related also to the safeguard of 
environment, biodiversity and citizens’ health. 
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If we examine Pisa urban environment, “2006 Report on the State of Municipality of 
Pisa” (Comune di Pisa, 2007) we can see that, as far as land use is concerned, in a 
municipal area of approximately 187 km2, the artificialized surface (impermeable urban 
area) is approximately 27 km2 (almost 15% of the total area) with a consumption of soil 
above the average compared with  Regional and Provincial data. In particular, the built-up 
area has been steadily increasing, with the largest increases since the 50s (+ 260% increase 
from 1954 to 2003): in 2005, the built areas were approximately 2.6% of the total area. 
The city of Pisa has a total, excluding suburban cemeteries, of about 1.25 km2 of green 
areas. Data related to their extension and characteristics, supplied by Pisa municipal 
offices (Town Planning and Urban Green Operational Unit) and referred to the year 2006,  
are reported in the following table: 
Table 1.1 
ENVIRONMENTAL INDICATORS FOR THE DISTRIBUTION OF URBAN GREEN FOR TYPE 
NUMBER OF INHABITANTS OF PISA (2006) = 90,450 
Type of green m2 m2/km2 area m2/inhabitant 
Equipped green areas 317,050.00 1,713.78 3.50 
Urban parks 59,391.63 321.04 0.66 
Historic green areas 196,395.19 1,061.60 2.17 
Urban furniture areas 533,653.84 2,884.62 5.90 
Special 
Areas 
School gardens 71,714.19 387.64 0.79 
Botanical gardens 45,216.00 244.41 0.50 
Zoos - - - 
Municipal cemeteries 192,573.00 1,040.94 2.13 
Other 35,000.00 189.19 0.39 
Special areas total 151,930.19 821.24 1.68 
Total (net of municipal cemeteries) 1,258,420.85 6,957.41 13.91 
Urban areas usable green Total amount of green areas in the municipal area 
13.91 m2/inhabitant 7,187.81 m2/ha 
 
According to the survey carried out in Legambiente report "Urban Ecosystem 2008," 
regarding the ranking of cities by the total amount of green areas on the surface of the 
municipal city of Pisa is ranked first, with 7110.93 m2/ha, also thanks to the presence of San 
Rossore-Migliarino-Massaciuccoli Regional Park, which occupies about 40% of the 
territory, while, regarding accessible green urban areas, lies at the 54th place with 5.82 
m2/inhab.,  well below the values of 15 m2/inhab., imposed by D.M. n.1444/68 (Repubblica 
Italiana, 1968). This is exactly perceived by the people: in fact, as to the presence of green 
spaces within residential areas of the city of Pisa, as shown in the above-mentioned report 
(Comune di Pisa, 2007), the most common perception among citizens is that there are very 
few green spaces within the municipality: the majority of the respondents' has in fact 
defined green spaces limited (48.7%) or very limited (30%). 
Finally, as regards the management of urban green spaces, the main objective of 
Municipal policies is to increase the amount of green areas, and ensuring their adequate 
quality and state of maintenance. The management of the urban green areas of Pisa 
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(excluding urban school gardens and cemeteries) has been recently entrusted, in global 
service, to Geofor S.p.A (Daole et al. eds, 2009).  
 
Figure 1.2 
 
Urban green areas in the City of Pisa 
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Urban soils: definition, function and features 
 
Craul (1992) defined urban soil as “a soil material having a non-agricultural, man-
made surface layer more than 50 cm thick that has been produced by mixing, filling, or by 
contamination of land surface in urban and suburban areas.” Afterwards, Evans et al., 
(2000) coined the term anthropogenic soil, suggesting the placement of urban soils in a 
broader context of humanly altered soils, not limiting the definition only to urban areas 
alone. Similarly, more recently, Lehmann and Stahr (2007) have expanded this concept 
defining urban soils to include not only those soils that are physically disturbed (e.g., old 
industrial sites and landfill) but also the ones that are undisturbed and altered by urban 
environmental change (e.g., temperature or moisture regimes). 
Urban soils are formed under the combined influence of both natural and 
anthropogenic factors. They are composed of materials that have been manipulated, 
disturbed or transported by human activities into the urban environment. The intensive 
impact of man transforms the major pedogenetic agents and soil itself.  In several 
countries there are active projects to map such areas: the interest in them is growing in 
such a way that, in 2006, the International Union of Soil Science (IUSS) created, in the 
World Reference Base for Soil Resources (WRB), a new reference group, Technosols 
(Rossiter, 2007). 
Soils in urban landscapes provide a lot of ecosystem services, such as reducing 
bioavailability of pollutants, storing carbon and mineral nutrients, serving as a habitat for 
macro- and micro-organisms, moderating the hydrologic cycle through absorption, 
storage, and supply of water, and acting as support medium for built structures (Bullock 
& Gregory, 1991; De Kimpe & Morel, 2000; Lehmann & Stahr, 2007; Pouyat et al., 2007a, b).  
Besides, they house urban vegetation, securing its services to the entire urban ecosystem, 
such as the moderation of energy fluxes by tree canopy (Akbari, 2002; Heidt & Neef, 2008). 
Their physical, chemical, and biological properties are generally less favorable as a 
living medium than natural landscape soils. In fact, the influence of the urban 
environment generally imposes stressful conditions upon organisms, such as plants, 
microorganisms, nematodes and earthworms, that live inside urban soils, and harmful 
conditions for organisms such as humans beings and other animals, that live on them 
(Pouyat et al., 2010). 
Urban soils are essentially distinguished from natural soils by: 
 parent material: filled, washed or mixed sediments, or cultural layers;  
 occurrence of fragments of construction and household waste in the topsoil;  
 new acid-alkaline balance with a tendency for alkalization;  
 high pollution with heavy metals and oil products;  
 different physical-mechanical properties (lower water retention capacity, strong 
compaction, stoniness, etc.);  
 upward growth of the soil profile due to intensive aerial deposition; 
 extremely variable nutrient content, generally tending high amounts. 
The simultaneous presences of several of these characteristics make urban soil unique 
and "incompatible" with the natural environment (Stroganova & Prokofieva, 2002). 
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To overcome these potentially stressful and dangerous conditions, urban soil 
characteristics must be recognized, classified and monitored. 
 
Physical features 
 
Instead of natural soils, urban soils are mostly newly formed man-made systems. 
Their structure is either planned and behaves at best according to our needs as a result of 
randomly deposited material. Between both extremes a variety of structures can be found, 
which have a wide range of properties. This heterogeneity can be found in vertical and 
horizontal dimension and makes it difficult to define and measure accurately and reliably 
soil physical properties (Baumgartl, 1998). The presence of anthropogenic origin materials 
such as bricks, pieces of glass, plastic or metal, even of considerable size, is not 
uncommon. This change of properties in space and time is caused by an interaction of 
hydraulic and mechanical factors. From a physical point of view, one of the main 
problems shown by urban soils is excessive compaction. It disrupts important physical 
properties by modifying porosity and bulk density (Kara & Bolat, 2007). Soil with high silt 
or very fine sand components coupled with low organic matter content tends to naturally 
compact under certain moisture conditions and the presence of vibrational forces (Craul, 
1985). Soil compaction makes it difficult to establish and maintain plants and 
microorganisms favorable environments due to the decrease of: root growth, uptake of 
water and nutrients, availability of water capacity, soil biological activity. Excessive levels 
of soil compaction lead to environmental problems due to increased storm water run-off as 
a result of low infiltration rates of soils,  increased flooding due to run-off, increased erosion 
from construction sites, increased water pollution potential, especially nitrates and 
phosphorus, in local rivers, streams, lakes, and ponds (Taylor et al., 2010). 
From a physical point of view, healthy soil includes not only the dimension of the 
particles that make up the soil, but also adequate pore spaces among the particles that allow 
the movement and storage of air and water (USDA-NRCS, 2000). This is necessary for plant 
growth and for a favorable environment for soil living organisms. Compaction occurs when 
soil particles are pressed together, thereby reducing the amount of pore space. Examples of 
compaction in urban settings are traffic pans resulting from repeated trips across lots with 
trucks and machinery and excessive trampling by people, bicycles, etc. Soils are particularly 
susceptible to compaction if these activities occur when the soil is wet. Bulk density (weight of 
soil per volume) increases with compaction, while porosity decreases. Porosity is the ratio of 
the volume of pores to the bulk volume of the soil. With compaction, the distribution of pores 
shifts toward smaller pore sizes. Pore size distribution is the array of pores, from the very 
small to the large ones, making up the soil’s overall porosity. These changes influence the 
movement of air and water in the soil, ease of root growth, and the biological diversity and 
activity in the soil (Pagliai, 2009). For proper plant and aerobic organisms’ growth, void space 
must be available for air and water movement. Typically a medium textured soil has about 50 
% solids and 50 % pore or void space. Compaction increases bulk density and reduces the 
number of large pores in the soil. (Schuler et al., 2000). Compared to agricultural land, 
compaction in urban areas can be more permanent because of the difficulty in bringing in 
equipment to loosen the soil, due to the presence of utilities and the prevalence of perennial 
vegetation (Craul, 1992). 
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Among the main physical features that affect the quality of urban soils, texture, bulk 
density and water holding capacity are of great importance. 
As regards landscaping of urban territories, Smagin et al. (2006) defined urban soil 
bulk density for topsoil (0–20 cm). They have identified several quality classes: 
 0.9–1.2 range was defined optimum: water and air conductivity are sufficient; plants 
and microorganism develop normally; 
 1.2–1.4 range was called slight compaction: characterized by partial decrease in the 
rate of water infiltration and soil aeration, tolerable for most plant species; 
 1.4–1.5  range was defined moderate compaction: characterized by a sharp decrease 
in the rate of water infiltration and gas exchange, suppression of some plant species 
and development of anaerobic processes 
 1.5–1.6 range called strong compaction: plant growth is strongly suppressed; 
anaerobic conditions establish in the soil medium; surface runoff and soil erosion are 
activated; 
 >1.6 identified as over compaction: the soil is unsuitable for plants without artificial 
loosening; the soil water and air permeability tend to zero values. 
Furthermore, the authors identified the maximum values of bulk density in Moscow 
soil (1,8-2,0 kg*dm-3) in the immediate vicinity of main roads. 
Yuan (2002) monitoring public green spaces of Hong Kong features, measured bulk 
density ranging  from 1.27 to 2.07 kg*dm-3, with a mean of 1.66 kg*dm-3., very similar to 
the ones found in Washington D.C. by Short et al. (1986) (values from 1.25 to 2.03 kg*dm-3 
average 1.65 kg*dm-3), Hong Kong roadside by Jim (1998) (values from 1.15 to 2.63 kg*dm-3 
average 1.66 kg*dm-), and in Ibadan (Nigeria) by Gbadegesin & Olabode (2000) (values 
from 1.05 to 2.18 kg*dm-3 average 1.62 kg*dm-). The mean soil density measured in 
Pforzheim (Germany) was 1.31 kg*dm-3 and single values vary between 1.00 and 1.87 
kg*dm-3 (Norra et al., 2006). In subsequent researches, monitoring Baltimore’s soil, Pouyat 
et al. (2007b) found bulk density values in the range between 0.71 and 1.74 with an average 
of 1.18 kg*dm-3, while Yurkova et al. (2009), monitoring Moscow zoo soil, measured values 
varying from 0.6 to 1.5 g/cm-3. Finally, Pini et al. (2012) in a study of bioremediation of 
urban derelict soil of Livorno (Italy) found in non-treated soil bulk density of 1.4-1.5 
kg*dm-3. 
The water balance of urban soils and phenomena related to it as direct run-off, 
evapotranspiration, and groundwater recharge, are strongly altered compared to that of 
natural soils: in particular this is due to soil filter and run-off regulating functions that are 
impaired by land surfacing, such soil functions depend on the soil's biophysical properties 
and its degree of imperviousness (Haase, 2009), as well as by the presence of hydrophobic 
organic compounds deposited on soil minerals or aggregate surfaces (Doerr et al., 2000). 
Water holding capacity is a parameter indicating the soil capacity of absorbing water: it 
increases with increased particle size and organic matter content (Naeth et al., 1991). 
As to the texture, this clearly depends on the source material and its geological 
nature, from pedogenesis and its factors, including climate and human activities, for 
which the variation of these factors, we could find also very different textures in urban 
soils around the world. 
Chapter 1 Introduction 
 
 9
There are few experiences regarding texture monitoring of urban soils of Pisa. In a 
survey on metal contamination on urban topsoils of coastal Tuscany (carried out in the 
cities of Carrara, Livorno and Pisa), Bretzel and Calderisi (2006) found, in most cases, the 
predominance of the sand fraction, whereas only in a few cases the clay component was 
relevant, and the rich presence, in the vast majority of the soils, of coarse building 
materials. Even in the afore-mentioned experience of Pini et al. (2012), the texture of urban 
soils of Livorno was sandy-loam: the soil contained 13% clay, 10% silt, and 77% sand. 
 
 
Chemical features 
  
pH 
 
The pH is an extremely useful indicator of the soil chemical environment. It is a 
simple measure of the hydrogen-ion concentration of the soil solution and, though it has 
no real direct influence on plant growth, it is strongly correlated with other soil factors 
that do have significant effect. These factors include: the amount and form (either 
available or unavailable) of plant nutrients; the kind and level of soil organism activity 
including nitrification and nitrogen fixation together with organic matter decomposition. 
Many natural soils have a pH ranging from a low of 4.0 to a high of 8.0 or 9.0. The 
optimum range is 6.0 to about 7. Within this range most plant nutrients are in available 
form and organism activity is favored (Craul, 1985). 
Urban soils tend to have pH values higher than their natural counterparts (Chinnow, 
1975; Craul, 1985; Craul, 1992, Jim, 1998; Smagin et al., 2006; Yurkova et al., 2009). Street 
side soils of Syracuse (NY, USA) had a pH range of 6.6 to 9.0 with an average of about 8.0. 
Urban soils of Philadelphia, (PA, USA) ranged from 3.7 to 9.0 with a mean of 7.6. In Berlin, 
a pH of 8.0 was observed at street side and less than 4.0 within a forest a short distance 
from the street. For roadside soils in Hong Kong, soil pH (1:2.5 soil/water ratio) ranged 
from 6.8 to 9.9 (Jim, 1998). Moscow soil was found neutral or weakly alkaline (ph range 
7.2-7.8) (Alexandrovskaya & Alexsandrovskiy, 2000). A further alkalizing action was 
identified, due to the input of electrolytes and alkaline materials being used as deicing 
salts or during construction activities (Yurkova et al., 2009). Also Tuscan urban soil 
presented sub-alkaline or alkaline reaction, with pH values ranging from 7.3 to 8.6 (Bretzel 
& Calderisi, 2006). On the contrary, in a few cases urban soils tending to neutral or acidic 
reaction were found.  In Ibadan, Nigeria, soil pHs vary from 5.1 to 7.6 (Gbadegesin & 
Olabode, 2000), in Pforzheim (Germany) from 6.0 to 6.7 (Norra et al., 2006), while in 
Baltimore (MD, USA), soil pH showed a range from 3.3 to 7.6, with a median of 6.0 
(Pouyat et al., 2007). Three reasons are suggested (Craul, 1992) for the elevated urban soil 
pH values. Firstly, the application of calcium or sodium chloride as road and sidewalk 
deicing compounds in northern latitudes. Secondly, irrigation of vegetation with calcium-
enriched water. Thirdly, soil pH is elevated by the release of calcium from the weathering 
of building rubble comprised of masonry, cement, plaster, etc. (Chinnow, 1975), and the 
surface weathering of buildings and sidewalks under the acidic (and sometimes alkaline) 
atmosphere of the urban environment (Bityukova, 2006). 
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Inorganic carbon 
 
In urban soil, presence of carbonates may have litogenetic or anthropic origin (Norra 
et al., 2006) and their content may vary primarily in relation to various pedogenetic factors 
like soil source material and climate. A progressive enrichment in carbonates of urban 
soils was nevertheless observed (Alexandrovskaya & Alexsandrovskiy, 2000; Norra et al., 
2006). The anthropogenic carbonates sources are different: waste building materials, 
substances resulting from the alteration and leaching of buildings or marble monuments 
(Bityukova, 2006), limestone gravel used for paving driveways and gardens, and 
deposition of atmospheric particulate matter (Miranda et al., 2005; Adamo et al., 2008). 
Alkalinization of urban soils from run-off from concrete and limestone surfaces 
appears to be widespread, causing considerable problems to the growth of plants, in 
particular to that of the arboreal plants (Ware, 1990). 
Finally, is important to underline the importance of carbonates regarding heavy 
metals status in urban soils, because one of the most bioavailable fraction of these metals is 
carbonate bound (Rauret et al., 1999; Kartal et al., 2006).  
 
Organic carbon 
  
Among the various functions performed by soil organic matter, in urban soils 
extremely important is: bonding of toxic substances, stimulant effects on soil organisms’ 
activity and biological processes, amelioration of aggregation and compaction, amount of 
hydrophobic compounds and water repellent substances, and thermal capacity (Craul, 
1985). 
It is therefore important to monitor the quantity and quality of the organic carbon in 
urban soils and clarify its transformations. Understanding the relationships within urban 
carbon cycle is crucial for estimating future atmosphere composition and future climate 
changes, being more than 78% of greenhouses gas (CO2 in particular) emitted from urban 
ecosystems (Pataki et al., 2006). To understand urban carbon cycle, we must take into 
account not only carbon fluxes through soil-vegetation component, but also human related 
carbon fluxes through cities (Churkina, 2008). In fact, carbon fluxes in urban areas have 
natural and anthropogenic origins. The first type is connected to vegetation and includes 
ecosystem photosynthesis and respiration, while anthropogenic origin fluxes are produced 
from fossil fuel burning, decomposition of waste, and human breath. Input fluxes are 
represented by plant photosynthesis, fossil fuel and food contruction, output fluxes by 
respiration of plants, microorganisms and other living beings, burning of fossil fuel and 
decomposition of wastes. Organic C pools are represented by plants, microorganism, soil 
organic matter, buildings furniture and books, people and animals. However, the greatest 
interest is directed towards studying the cycle of soil organic carbon, the largest pool in 
which the carbon is stored (Kurganova et al., 2010), for example accounting, in urban and 
exurban areas of the conterminous United States, for 64% of  the total carbon storage 
(Churkina et al., 2010). 
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Physical disturbances of soil are the most considerable impact on C cycling in urban 
landscapes. Large volumes of soil are severely disturbed during construction and by 
people inhabiting the landscape. Several factors are important to C retention, including the 
amount of C lost through erosion from the site, the proportion of the total C pool that is 
readily oxidized, and the amount of organic C buried during the grading process. The 
amount of C stored in soil over time, or C sequestered, is a balance between C input 
through net primary productivity and loss through decay by soil heterotrophic 
respiration; both of which are controlled by environmental factors, including soil 
temperature and moisture and N availability (Pouyat et al., 2010). Carbon sequestration in 
urban soils is an important process that helps to mitigate the effects of increased emissions 
of greenhouse gases into the atmosphere (Kaye et al., 2004). Soil C balance can be greatly 
affected by urban land use and urban environmental change (Pouyat et al., 2002; Lorenz & 
Lal, 2009). 
 
 
Figure 1.3 - Urban carbon cycle 
(from Alberti, 2008) 
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While the potential for losses of C and N in urban landscapes can be high, urban soils 
have the capacity to accumulate a surprising amount of C when compared with 
agricultural or native soils (Pouyat et al., 2006), although the net effect on C uptake may be 
somewhat lower if C emissions resulting from management activities are taken into 
account (Pouyat et al., 2009). 
Natural pools of carbon are changing, because urban vegetation is managed. 
Depending on climate, pollution, and intensity of management carbon may accumulate in 
soil and vegetation. Also the anthropogenic pools are changing, because fluxes of carbon 
in these pools are influenced by lifestyles and wealth of people as well as policies, which 
are always in transition (Churkina et al. 2010).  
Regarding depth distribution, organic carbon storage was largely limited to the 
upper 15 cm of the soil (Beesley, 2012). Human impacts have also resulted in storage of C 
in the upper horizons of soil, as is the case where compaction has occurred, limiting the 
expected vertical incorporation of organic matter from fresh surface additions to lower 
depths (Brevik et al., 2002). Soil mixing during construction of urban landscapes can result 
in translocation of organic compounds from natural but also anthropogenic origin to 
deeper soil layers. In natural soils, contents of total organic C strongly decrease with 
depth, while subsoil horizons in urban areas may contain considerable amounts of buried 
carbon (Beyer et al., 2001; Lorenz & Kandeler, 2005). 
Certain urban land uses have been shown to increase the amount of C stored in soils 
(Pouyat et al., 2002), while urban green spaces have been reported to contain larger carbon 
pools than some native grasslands, agricultural and forested areas (Golubiewski, 2006; 
Pouyat et al., 2010; Raciti et al., 2011). Furthermore, adding organic matter to degraded 
soils with an already low C content has much greater potential to increase C storage than 
the amendment of more developed soils that are closer to their carbon storage limits 
(Stewart et al., 2008). Urban soils in residential areas, receiving regular management inputs 
of organic matter and lacking soil disturbance, create conditions for net C storage (Pouyat 
et al., 2006). Adding organic amendments, such as composted green wastes, has been 
found to provide large increases in soil organic carbon (Leroy et al., 2008; Huh et al., 2008) 
whilst improving physico-chemical characteristics of soils (Bernal et al., 2006). Numerous 
studies involved C dynamics and storage in urban and degraded soils (Jo & McPherson, 
1995; Pouyat et al., 2002, 2006, 2009; Tomlinson & Milne, 2006; Beesley & Dickinson, 2010; 
Churkina et al., 2010). 
Some authors (Golubiewski, 2006; Pataki et al., 2006), analyzing carbon cycle 
structure of urban green spaces, taking into consideration vegetative biomass and soil 
Carbon storage, stated that established urban green spaces harbor larger C pools than 
native grasslands or agricultural fields, despite an initial decrease in C pools due to site 
construction. This enrichment depends on site age and management and it must be 
distinct from C sequestration, as a matter of fact, despite the enrichment of soil C pools,  
very high levels of C emission due to use of machinery and chemical fertilizers were used 
in urban environment. Other authors have found surprisingly high C pools in highly 
urbanized systems (Hutyra et al., 2011). Conversely, others authors found a decrease in 
Carbon storage in soils of urban ecosystem (Pouyat et al., 2002; Zhang et al., 2002). Overall 
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results suggest that, for arid regions, the net effect of urbanization may be higher 
productivity rates, with the potential to actually increase net C storage; in more humid 
environments, the net effect may be a reduction in soil C storage (Pataki et al., 2006; Pouyat 
et al., 2009). 
Urban soils organic matter may contain a mixture of natural humic substances and 
anthropogenic organic particles (Kögel-Knabner, 2000). During construction and 
development of urban soils, soil organic matter quality may be affected by mixing of 
carbonaceous parent material like bricks, mortar and concrete debris, slag, garbage, 
sewage sludge (Schleuß et al., 1998; Lorenz & Lal, 2009), and ashes, deposition of airborne 
particles derived from incomplete combustion residues (Glaser et al., 2001) and also 
industrial waste, processed oil products, and crude oil (Rossiter, 2007). However, most 
urban soils organic matter compounds derive from plant litter decay (Lorenz et al., 2006). 
Compared to natural soils, significant differences in the chemical nature of humic 
compounds, lower alkyl C contents and higher aromatic C contents in urban soils have 
also been reported (Beyer et al., 2001). Furthermore, urban soils with technogenic input are 
characterized by high aromaticity and low polarity (Abelmann et al., 2005). 
In urban soils, organic carbon concentration may be affected both directly and 
indirectly, because their physical disturbances and inputs of various materials (Pickett & 
Cadenasso, 2009). Thus, the concentrations of organic C is highly variable as shown in 
table 2. 
 
Table 1.2 – Concentrations of organic C of urban topsoils 
City 
Organic C content 
(g * kg−1) 
Reference 
Denver–Boulder, CO, USA 23.2 Golubiewski (2006) 
Moscow, ID; Pullman,WA, USA 14.9–31.0 Scharenbroch et al. (2005) 
Halle, Germany 5–207 Machulla et al. (2001) 
Phoenix, AZ, USA 7.4–10.1 Green & Oleksyszyn (2002) 
Stuttgart, Germany 0.6–26.2 Stahr et al. (2003) 
Carrara; Livorno; Pisa, Italy 4.1–108.7 Bretzel et al. (2006) 
Livorno, Italy 8.1 – 13.6 Pini et al. (2012) 
Moscow, Russia 7 – 40 Prokofeva & Poputnikov (2010) 
Ibadan, Nigeria 14.3 – 19.1 Gbadegesin & Olabode (2000) 
Bangkok, Thailand 4.0 – 52.1 Wickle et al. (1998) 
Qingdao, China 1.2 – 27.4 Norra et al. (2008) 
 
 
Contaminants 
 
Hydrocarbons 
 
Under natural conditions, soils contain some amounts of bituminous substances 
extractable with organic solvents. This natural background of  hydrocarbons is basically 
linked to the organic matter type and content of soils (Miroshnichenko, 2008). In nature, 
hydrocarbons may originate from pyrogenic sources like vegetation fires or volcanic 
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eruptions (Aichner et al., 2007).  However, their main origin in the environment is  
anthropogenic, caused both by incomplete combustion of fossil fuel such as petroleum and 
coal in residential heating and industrial processes, and by emissions from the incomplete 
combustion of fuels in the traffic sector (Wilcke, 2000; Azimi et al., 2005; Bamforth & 
Singleton, 2005; Andreou et al., 2008). Therefore, hydrocarbons are closely connected to 
aerosols or soot particles produced (Mantis et al., 2005). The particulate is subsequently 
transported to the Earth’s surface through dry and wet deposition (Lawlor & Tipping, 
2003). Other sources of hydrocarbons to soil are disposal of waste materials, road run-offs 
and car tire shredding, accidental fuel spills and leakages as well as industrial wastewaters 
and sewage sludge (Jones & de Voogt, 1999; Maliszewska-Kordybach, 2005). 
Consequently, widespread hydrocarbons contamination of topsoil has been detected in 
worldwide urban areas (Müller et al., 2001; Adeniyi & Afolabi, 2002; Azimi et al., 2005; 
Henriquez et al., 2006; Aichner et al., 2007; Pies et al., 2007; Morillo et al., 2007; Manzo et al., 
2008; Teaf et al., 2008; Ma et al., 2009) and caused increasing concerns in recent years, 
mainly because they are particularly harmful as a result of their toxic, carcinogenic and 
mutagenic properties which may affect human health and exhibit a noxious effect on biota 
(Henner et al., 1999; Jones and Voogt, 1999; Juhasz and Naidu, 2000; Alfani et al., 2001; 
Tuhackova et al., 2001; Binkova et al., 2007; Toyooka & Ibuki, 2007; Debiane et al., 2008). 
Usually, hydrocarbons originate a diffuse contamination, characterized by large areal 
extents, relatively low contaminant concentrations and the lack of identifiable point 
sources (Johnsen et al., 2006), although are frequent cases of point contamination due to 
accidental oil spills during transport or near the gas stations (Adamczewska et al., 2000; 
Vega et al., 2009).  Large numbers of soil analyses have revealed that central areas of cities 
are frequently largely contaminated with polycyclic aromatic and other hydrocarbons, 
however it was noted that diffuse pollution is not restricted to city centre (Johnsen et al., 
2006). 
Hydrocarbons incorporated into soil may undergo several processes. The main 
mechanisms include volatilization, leaching, sorption to the soil solid phase, solar ray 
induced photolysis, chemical reactions like oxidation, substitution and addition, transfer 
to plants and grazing animals and, above all, microbiological biodegradation 
(Adamczewska et al., 2000; Johnsen et al., 2005). 
It should be also considered that a self-purification capacity was recovered in the 
ground thanks to migration and volatilization of hydrocarbons and their photochemical 
and especially biological degradation (Maila & Cloete, 2005; Ceccanti et al., 2006; Johnsen 
et al., 2006). 
Relatively few studies have investigated the natural degradation of total petroleum 
hydrocarbons in soil ecosystems (Duncan et al., 2003) and their impact on the community 
structure of soil bacteria (Bundy et al., 2002; 2004). Hydrocarbons are primarily degraded 
by bacteria and fungi, but their biodegradation usually requires the cooperation of more 
than one species (Ghazali et al., 2004). The degree of hydrocarbon biodegradation in soil is 
influenced by various environmental factors including the nature and concentration of 
other contaminants and soil properties such as pH, temperature, water content, and 
nutrient availability (Walworth et al., 2003; Riffaldi et al. 2006; Zhang et al. 2006). 
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Heavy metals 
 
Urban soils are usually strongly influenced by anthropic activities such as housing, 
industry, traffic, fuel combustion, and waste disposal, that make it a particularly sensitive 
compartment, easily subject to alteration of existing balances, and the focus of a series of 
problems such as erosion, salinization, compaction, sealing, and, above all, contamination 
(Europen Community, 2006). 
In urban soils steadily pollutants from either localized or diffuse sources accumulate. 
Typical contaminants include persistent toxic substances, such as trace metals (Luo et al., 
2012) and persistent organic pollutants (Fabietti et al., 2010). A lot of these pollutants can 
remain in urban soils for a long time and represent a potential danger to human health 
and all ecological systems. 
Compared to the contamination investigation carried out in natural soils, the one 
carried out in urban soils is complicated by several problems like high spatial variability of 
chemical, physical, and biological properties, the fragmented distribution caused by 
sealing from constructions and roads, the unknown accessibility and the rapid and 
unpredictable land use change (Ajmone-Marsan & Biasioli, 2010). 
Cities’ concentration of energy and matter cause trace elements accumulation (Wong 
et al., 2006). In fact, urban soils have been demonstrated to be more contaminated than 
their agricultural or natural surroundings (Johnson & Ander, 2008). The risk of high 
concentrations of trace elements is usually linked to their probability of leaching into 
groundwater or entering the food chain through plant uptake (Adriano, 2001). In city 
environments, however, in addition to the two previous modes, due to the proximity 
between soil and human beings, trace elements put in place their toxicity primarily 
through dermal contact, direct ingestion, and inhalation of particles (Abrahams, 2002; 
Poggio et al., 2009). Elderly people and especially children are the most affected by this 
kind of contamination (Ljung et al., 2006b; Luo et al., 2012b). 
Heavy metals constitute the largest class of elements in the periodic table. They are 
conventionally defined as elements with metallic properties that have a high atomic 
number and density greater than 5.0 g ∙ cm-3 (Adriano, 2001). These elements are found in 
nature at levels that are not considered to be toxic to plants, animals and humans. The 
natural background levels are normally increased through various anthropogenic sources 
such as agriculture (fertilizers, animal manures and pesticides), metallurgy, disposal of 
sewage sludge or waste and the production of energy for power plants or motor vehicles 
(Adriano, 2001; Kabata-Pendias, 2001). 
In determining heavy metal total contents, the extraction method of elements from 
soil samples has a fundamental importance, registering a 20-30% variability depending on 
the method which is used. In most studies made in the last 10 years, aqua regia 
(HCl:HNO3, 3:1 ratio) was used (Ajmone-Marsan & Biasioli, 2010). 
Many studies have been conducted, and then reviewed, regarding the content of 
heavy metals in urban soils (Ajmone-Marsan & Biasioli; 2010 Luo et al., 2012a). The most 
recent and updated ones were taken into account as more properly representative of a 
situation that is constantly changing and evolving. 
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In table 1.3, heavy metals total content data of topsoil are collected from the studies 
on urban areas published in the last 10 years: the table shows soil uses or location: the soil 
use in sampling locations is very different, reflecting the variety of city landscapes, 
although parks and roadsides are the most common locations. 
Instead in table 1.4 is reported a set of data referring to the Italian situation as to 
heavy metals: over the average content was found in urban soils research carried out 
recently, in the table are reported data related to Pisa’s agricultural soils background, to 
Italian soil background and to Italian Law Limits for heavy metals in residential and 
industrial areas. 
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Table 1.3 - Heavy metal total content of topsoil in World cities 
Location Data As Cd Cr Cu Hg Mn Ni Pb Zn Reference 
Baltimore (USA) Urban  1.10 72 45   27 231 141 Yesilonis et al., 2008 
Chicago (USA) Mean 20.0  71 150 0.64  36 395 397 Cannon & Horton, 2009 
Mexico City (Mexico) roadside   117 101   40 140 307 Morton-Bermea et al., 2009 
Ibadan (Nigeria) Urban 3.0 0.15 56 32   17 47 94 Odewande & Abimbola, 2008 
Bangkok (Thailand) Urban  0.29 26 42   25 48 118 Wickle et al., 1998 
Moscow (Russia) Mean  2.00 79 59   19 37 208 Plyaskina & Ladonin, 2009 
Islamabad (Pakistan) Mean  3.50  18   91 208 1643 Ali & Malik, 2011 
Izmit (Turkey) median  0.23 34 37   39 35 72 Canbay et al., 2010 
Sialkot (Pakistan) median  46.00 107 19   83 122 78 Malik et al., 2010 
Ulaanbaatar (Mongolia) Mean 14.0 0.80 20 36   19 64 159 Batjargal et al., 2010 
Tallinn (Estonia) Urban 23.0  70   821 23  121 Bityukova et al., 2000 
Beijing (China) Mean  0.19 60 34   26 39 90 Xia et al., 2011 
Seoul (Korea) Mean  3.10  84    240 271 Chon et al., 1995 
Seville (Spain) Urban   37 108  369 50 343 151 Davidson et al., 2006 
Madrid (Spain) Urban   75 72   14 161 210 De Miguel et al., 1998 
Turku (Finland) Urban  0.20 37 19   12 20 72 Salonen & Korkka-Niemi, 2007 
Damascus (Syria) Arable   51 30   35 10 84 Moller et al., 2005 
Hong Kong (China) Mean  0.62 23 23   12 95 125 Li et al., 2004 
Shangai (China) Roadside  0.52 108 59   31 71 301 Shi et al., 2008 
Changchun (China) Mean 12.5 0.13 66 29 0.12   35 90 Yang et al., 2011 
Berlin (Germany) Inner city 3.9 0.35 25 31 0.19  8 77 129 Birke & Rauch, 2000 
Glasgow (UK) Mean   93 140   58 971 364 Hursthouse et al., 2004 
Ljubljana (Slovenia) Mean   48 133  487 57 439 180 Davidson et al., 2006 
Trondheim (Norway) Mean 4.0 0.19 65 39 0.15  45 81 112 Andersson et al., 2010 
World soils Median 6.0 0.35 70 30 0.06  50 35 90 Adriano, 2001 
Continental crust Mean 4.8 0.09 92 28 0.05  47 17 67 Rudnick & Gao, 2003 
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Table 1.4 - Heavy metal total content of topsoil in Italian cities 
Location Data As Cd Cr Cu Hg Mn Ni Pb Zn Reference 
Coastal Tuscan cities Urban/parks    85   59 219 128 Bretzel & Calderisi, 2006 
Naples Urban 12.2 0.37 11 72 0.19   141 163 Cicchella et al., 2008b 
Palermo Green areas  0.68 34 63   18 202 138 Salvagio Manta et al., 2002 
Bologna Urban park  0.60 74 51   59 90 123 
Gherardi et al., 2009 Ferrara Urban park   111 40   44 108 160 
Cesena Urban park   48 48   74 52 110 
Ancona Mean  0.40 52 40   55 67 196 Businelli et al., 2009 
Sesto S. Giovanni (Mi) Mean 15.2  182 187   52 270 515 Torretta et al., 2005 
Benevento Mean 8.3 0.30 19 46 0.06   44 80 
Cicchella et al., 2008a 
Caserta Mean 15.8 0.70 15 36 0.08   68 116 
Avellino Mean 20.9 0.40 16 152 0.11   87 111 
Salerno Mean 10.5 0.50 19 75 0.09   126 197 
Roma Urban park  0.31 39 110 0.78  35 273 169 Cenci et al., 2008 
Torino Mean   290 130   271 255 191 Sialelli et al., 2011 
Pisa’s agricultural soils 
background 
Min  0.23  20   51 10 54 
APAT, 2003 Max  0.43  55   85 70 164 
Mean  0.31  35   65 18 94 
median  0.31  34   64 15 92 
Italian soils 
background 
Min 4.0 0.07 20 7  12 5 4 16 
Bini et al., 1988 Max 197.0 0.80 307 200  3410 3240 81 157 
Mean 41.0 0.44 95 24  873 50 26 68 
Italian Law Limits 
Residential 20.0 2.00 150 120 1.00  120 100 150 Repubblica Italiana, 2006 
DLgs 152/2006 Industrial 50.0 15.00 800 600 5.00  500 1000 1500 
World soils median 6.0 0.35 70 30 0.06 850* 50 35 90 Adriano, 2001 
Continental crust Mean 4.8 0.09 92 28 0.05 950* 47 17 67 Rudnick & Gao, 2003 
USA soils Mean  0.50 53 25  560 53 20 54 Aubert & Pinta, 1977 
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Indexes for contamination assessment methods 
Among calculation methods utilized for quantifying the degree of heavy metal 
enrichment or pollution in soils, geoaccumulation index (Igeo), enrichment factor (EF), and 
pollution index (PI) were the most widely used (Banat et al., 2005; Chen et al., 2005; Acosta 
et al., 2009; Malkoc et al., 2010;  Li & Feng, 2012; Luo et al., 2012a). 
Igeo was originally used with sediments (Müller, 1969) and is calculated according to 
the following equation: 
Igeo = log2 [Cx/1.5Bx] 
 
where Cx represents the measured concentration of the element x and Bx is the 
geochemical background value of the element. In most studies, for Bx is utilized the 
background content of element in local soil. The constant 1.5 is introduced to minimize the 
effect of possible variations on the background values which may be attributed to 
lithological variations in the soil (Lu et al., 2009b). The following classification is given for 
geoaccumulation index (Müller, 1969): <0 = practically unpolluted, 0–1 = unpolluted to 
moderately polluted, 1–2 =moderately polluted, 2–3 =moderately to strongly polluted, 3–4 
= strongly polluted, 4–5 = strongly to extremely polluted and >5 = extremely polluted. 
EF of an element in a soil sample was considered a convenient method to distinguish 
between heavy metals originating from human activities and those from natural materials 
(El Nemr et al., 2006); it is based on the normalization of a measured element against a 
reference element. Fe (Fang et al., 2006; Kartal et al., 2006; Lu et al., 2009b), and Al (Lu et al., 
2009a) were the most common elements utilized as references in calculating the 
enrichment factor of soil heavy metal pollutants, because they usually show little or no 
change in soil. The EF calculation was expressed according to the below equation: 
 
EF = [Cx/Cref]sample/[Cx/Cref]background 
 
where Cx stands for the concentration of the element of interest and Cref was the 
concentration of reference element for normalization. EF values less than 5.0 are not 
considered significant, because such small enrichments may arise from differences in the 
composition of local soil material and reference soil used in EF calculations (Kartal et al., 
2006). Five contamination categories are recognized on the basis of the enrichment factor: 
EF < 2 states deficiency to minimal enrichment, EF = 2–5 moderate enrichment, EF = 5–20 
significant enrichment, EF = 20–40 very high enrichment and EF > 40 extremely high 
enrichment (Han et al., 2006; Lu et al., 2009a, b). 
 
Pollution index and integrated pollution index are also commonly used to assess 
the environment quality. The PI was defined as the ratio of element concentration in the 
monitored area to the background content of the element (Lu et al., 2009b). The PI of each 
element was calculated and classified as either low (PI ≤ 1), middle (1 < PI ≤3) or high (PI > 
3) (Chen et al., 2005 ; Lu et al., 2009b). 
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Figure 1.4  
Soil heavy metals forms according to BCR extraction as modified by Rauret et al. (1999) 
 
Total analysis of heavy metals in the soil may provide information concerning 
possible enrichment, in fact various countries national guidelines used currently are based 
on such total, but generally, and for most elements, these are poor indicators for 
estimating environmental and biological effects. Chemical form determines the mobility 
and bioavailability of the soil metals to other environmental compartments, such as water 
and biota (Gleyzes et al., 2002; Rao et al., 2008). Consequently, selective extraction methods 
have been used to release the individual forms of the element from soil matrix. Sequential 
extraction methods can assess the amounts of mobile or potentially mobile species which 
in turn may correlate with biota-available contents. For heavy metals and other potentially 
toxic elements, selective extraction methods are not only useful for the assessment of the 
mobile and potentially mobile species, but the data also has been highly useful in the land 
use assessment (Rao et al., 2008). 
For a long time, sequential extraction techniques have been used as a tool for heavy 
metal speciation in soils and sediments (Tessier et al., 1979; Rauret et al., 1999). More 
recently, among the variety of sequential extraction procedures found in the related 
literature,  the modified version (Rauret et al., 1999) of three-step scheme proposed by the 
former European Community Bureau of Reference (BCR), has been widely used in urban 
soil studies (Imperato et al., 2003; Mossop & Davidson 2003; Pueyo et al., 2003; Banat et al., 
2005; Ruiz-Cortés et al., 2005; Davidson et al., 2006; Yang et al., 2006; Lu et al., 2007; Madrid 
Soil potentially toxic elements forms 
Labile  Exch 
soluble and 
excheangeable 
Reducible  Red 
inorganic precipitates 
bound 
Oxidizable  Oxid 
organic matter 
bound 
Residual  Res 
structural 
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et al., 2007; Wu et al., 2008; Mossop et al., 2009). Moreover, the modified BCR procedure, 
tested through interlaboratory exercises, showed a good interlaboratory reproducibility 
for Cd, Cr, Cu, Ni, Pb, and Zn in relation to contaminated soil analysis (Rauret et al., 1999; 
Pueyo et al., 2003; Bacon et al., 2005; Davidson et al., 2006). 
This procedure differentiates four heavy metal form species (figure 1.4), with a 
different, decreasing, and bioavailability degree: 
 Labile forms (exch): this fraction collects together exchangeable form, i.e. the form 
subjected to soil particles sorption-desorption processes, and the carbonates bound 
form. 
 Reducible forms (red): are part of this fraction the forms related to soil inorganic 
precipitates: in particular the forms bound to oxides and hydroxides of iron and 
manganese 
 Oxidizable form (oxid): of this fraction are part forms bound to soil organic matter, 
from which they can be released as a result of mineralization (oxidation) 
 Residual form (res): once the first three fractions have been removed, the residual 
solid should contain mainly primary and secondary minerals, which may hold trace 
metals within their crystal structure. These metals are not expected to be released in 
solution under the conditions normally encountered in nature. 
  
Lead 
Lead has been used as an antiknock agent in gasoline since 1920 and has been the 
major source of pollution in urban soils. Other sources of Pb are paints, car batteries, glass, 
radiation shields, soldering and, more recently, electronic products and e-wastes (Lincoln 
et al., 2007; Sepulveda et al., 2010). Because of its entirely proven toxic effects on human 
health (Hooker & Nathanail, 2006; Mielke et al., 2007), Pb was banned from gasoline and 
paintings use. However, its prolonged use and persistence have contributed to 
concentrated Pb in the urban environment subsequently raising its level. 
Lead exposure can cause to humans beings serious neurologic problems, such as 
memory and cognitive deficits. Lead neurotoxicity is probably due to brain cells oxidative 
stress. Furthermore, Pb exposure can damage the hematologic and renal systems (Florea & 
Busselberg, 2006; Mielke et al., 2007). 
Lead in soil is relatively immobile and persistent whether added to the soil as 
hydroxides, oxides, carbonates, or sulfates (USEPA, 2006). When released to soil, Pb is 
normally converted from soluble Pb compounds to relatively insoluble sulfate or 
phosphate derivatives. It also forms complexes with organic matter and clay minerals 
which limit its mobility. The efficient fixation of Pb in soils limits the transfer of Pb to 
aquatic systems. Lead is mostly available from acidic sandy soils which contain little 
material capable of binding lead. Concentrations of Pb in soil solution reach a minimum 
between pH 5 and 6 because metal-organic complexes form in this pH range. Only a small 
fraction (0.2-1.0%) of Pb in Pb-contaminated soil appears to be in water-soluble form 
(USEPA, 2006). 
World soil mean content of Pb is 35 mg kg−1 (Adriano 2001), Italian soils values range 
between 4 and 81 mg kg-1 with a mean of 26 mg kg-1 (Bini et al., 1988), while background of 
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soils of Pisa’s province ranged between 10 and 70 mg kg-1, with an average of 18 mg kg-1 
(APAT, 2003). 
Numerous studies have been carried out in cities to investigate the possible Pb 
toxicological consequences or to simply monitor this element content of the soils. Some of 
the most recent of these studies are summarized in table 1.3. 
In Europe, low concentrations of Pb are reported for small cities, as Aveiro (Madrid et 
al., 2006) and Jakobstad (Peltola & Åström 2003) that showed both average 20 mg kg−1,  
while higher levels were detected in larger cities where traffic the volume of traffic is 
greater and it begins to be a major source of pollution: Uppsala (Ljung et al., 2006b), Mieres 
(Loredo et al., 2003), Galway (Zhang, 2006), Celje (Vrščaj et al., 2002), and Aberdeen (Yang 
et al., 2006) show an average Pb content in the topsoil<100 mg kg−1. In cities with large 
urban areas, with large volumes of traffic, as Baltimore (Pouyat et al., 2007b), Boston (Clark 
et al., 2006), and Chicago (Finster et al., 2004) in USA, and Naples (Imperato et al., 2003), 
Palermo (Salvagio Manta et al., 2002), and Rome (Cinti et al., 2002) in Italy, lead content can 
reach values higher than 200 mg kg-1. 
When compared with non-urban soils, the soils within the city are always heavily 
concentrated with Pb. (Zhai et al., 2003; Biasioli et al., 2006; Yang et al., 2006), while the soils 
close to roads are obviously more subject to Pb contamination (Yang et al., 2006; Al-
Chalabi & Hawker, 2000; Yongming et al., 2006). 
Davidson et al. (2006), fractioning the heavy metals of the soils of five European cities, 
found that Pb was present mainly in reducible forms in Aveiro, Glasgow, and Turin but in 
oxidizable and residual forms in Sevilla. Bretzel and Calderisi (2006) found that labile, 
DTPA-extractable Pb in urban soils of Tuscany, Italy was correlated to its total content, 
thus confirming its anthropogenic origin. In the soils of Aberdeen, the chemical 
fractionation revealed a strong fixation of Pb by Fe and Mn oxides (Yang et al., 2006). 
Similar results were obtained in Hong Kong soils (Wong & Li 2004), while Pb was found 
to be mainly residual (56.8%) and reducible (30.9%) in soils of Nanjing (Lu et al., 2003). 
Using a different method of fractionation, Plyaskina & Ladonin (2009) found Pb of urban 
soil of Moscow, Russia, strongly bound with the mineral and organic components of the 
soil. 
 
Copper 
Copper is mainly used in the production of electrical wires, and of its alloys, brass 
and bronze. Copper compounds may also be released to the environment through their 
use in dyes, catalysts, feed additives, pesticides, pigments, iron and steel production, coal 
and oil combustion, and municipal wastes incineration (USEPA, 2006). Electronic 
equipment is also emerging as a source of Cu relases to the environment (Lincoln et al., 
2007; Wong et al., 2007). 
High levels of Cu can be harmful to human health. Inhaling high levels of it can cause 
irritation to the nasal passages, mouth, eyes and throat, and ingesting high Cu 
concentrations can lead to nausea, vomiting and diarrhea. Exposure to very high levels 
can damage the liver and kidneys and may lead to death (Sharma et al., 2009). 
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Italian soils values range between 7 and 200 mg kg-1 with a mean of 24 mg kg-1 (Bini et 
al., 1988), while background of agricultural soils of Pisa’s province ranged between 20 and 
55 mg kg-1, with an average of 35 mg kg-1 (APAT, 2003). 
Copper tends to accumulate in urban areas, overcoming the average world soil 
content of 30 mg kg−1 (Adriano, 2001). The majority of cities show a mean or median soil 
content above this limit (tab. 1.3). As far as urban soil Cu content is concerned, we can see 
worldwide a fairly large range of variability. The range runs from very low values like 
that of Lagos , Nigeria of 0.1–2.9 mg kg−1 to cities like Turin (90 mg kg−1; Biasioli et al., 2007), 
Honolulu (136 mg kg−1; Sutherland, 2002), Newcastle upon Tyne (233 mg kg−1; Rimmer et 
al., 2006), Moscow, Russia (99–197 mg kg−1; Alexandrovskaya & Alexandrovskiy, 2000), 
and Montreal (32–640 mg kg−1; Sauvé et al., 1996), in which readings are much higher. 
Although the sources of Cu in urban areas are mainly industrial and inorganic, Cu 
also shows an affinity for the organic fraction in urban soils, similarly to agricultural and 
forest soils. In Bangkok, Wilcke et al. (1998) observed that Cu was mainly concentrated in 
the organic fraction. Similar results were obtained by Thuy et al. (2000) in the Danang area 
of Vietnam and by Öborn and Linde (2001) in the soils of Stockholm. Similarly, Davidson 
et al. (2006), monitoring the heavy metals fractions of the soils of various European cities, 
confirmed everywhere the prevalence of the oxidizable fraction, followed by the residual 
form. Equally, Imperato et al. (2003) found that oxidizable Cu was the major fraction in the 
soils of Naples, while Lu et al. (2003) reported 23% of total Cu of Nanjing soils to be in the 
organic fraction and 66% in the residual. 
 
Zinc 
Various sources of Zn seem to concentrate in urban areas. Apart from the metallurgic 
and galvanic industry and the usual sources of metal contamination such as waste 
treatment and fuel burning, zinc environment emissions may originate from wearing of 
brake lining, losses of oil and cooling liquid, wearing of road paved surface, wearing of 
tires, corrosion of galvanized steel safety fence and other road furniture (Blok, 2005), and 
also in buildings electronic equipment (Lincoln et al., 2007), and numerous alloy objects. 
The average soil concentration in the world is reported to be 90 mg kg−1 (Adriano, 
2001), while Italian soil values range between 16 and 157 mg kg-1 with a mean of 68 mg kg-1 
(Bini et al., 1988), and background of agricultural soils of Pisa’s province between 54 and 
164 mg kg-1, with an average of 94 mg kg-1 (APAT, 2003).  
Except for a few exceptions, like Aveiro (Madrid et al., 2006), Lagos (Awofolu 2005), 
and Ibadan (Gbadegesin & Olabode, 2000) that have a content below 50 mg kg−1, 
worldwide city soils have significant contents of zinc. Legal limits proposed for residential 
areas by various governments, as a limit where there is sustainable soil quality, are around 
140-150 mg kg-1. (Repubblica Italiana, 2006, Dlgs 152/2006; VROM, 2000). In literature, a lot 
of cities exceed these limits as reported for Amman (166–410 mg kg-1, Al-Khashman, 2007), 
Oslo (23–1,150 mg kg-1, Tijhuis et al., 2002), Cincinnati (58–1,426 mg kg-1, Turer et al., 2001) 
Wroclaw (213–1,640 mg kg-1, Samecka-Cymerman & Kempers 1999), and Calcutta (90–
10,300 mg kg-1, Chatterjee & Banerjee, 1999), Baltimore (1,109 mg kg-1, Pouyat et al. 2007), 
Tallinn (1,560 mg kg-1, Bitykova et al., 2000), and Naples (1,660 mg kg-1, Imperato et al. 
2003). 
  24
For chalcophilous metals like Zn, sedimentation in the form of sulfides and 
complexing with organic substance is typical. This interaction seems to be an important 
mechanism of Zn retention in organic soils. Under oxidative conditions, sulfides and 
organic substances oxidative reactions induce the release of this heavy metal into the soil 
solution. Zn has no particular carrying phases in soils and it can be found in diverse forms. 
Consequently, there are radically different forms of Zn in mineral soils and in organic ones 
(Vodyanitskii, 2010). This was also confirmed in the investigations carried out on urban 
soils: in fact chemical speciation of Zn in the soils of Honolulu, USA (Sutherland and Tack 
2000) revealed that about 60% of the metal was in the residual fraction and similar results 
were obtained for the soils of Nanjing, China (Lu et al., 2003). On the contrary, Öborn and 
Linde (2001) found that Zn was mainly contained in the easily extractable fraction of two 
urban soils of Stockholm and analogous results were obtained by Chon et al. (1998) in 
cities around Seoul, Korea. Norrström and Jacks (1998) found that Zn in roadside soils was 
mainly in the oxide fraction. More recently, Zn was found in all four sequential extracts in 
the soils of Aveiro, Glasgow, Ljubljana, Seville, and Turin (Davidson et al., 2006), and in 
labile and residual forms in urban soil of Moscow, Russia (Plyaskina & Ladonin, 2009). 
 
Chromium 
Sources of Cr in urban areas are mainly the metallurgic and chemical industry, where 
it is used as alloy constituent because of its high resistance to corrosion and hardness 
(Vodyanitskii, 2009b). This element may also be contained in fertilizers, electroplating 
products, dyes and paints and is widely used particularly in the leather tanning industry 
(Bini et al., 2008). Emission into the atmosphere may come from waste incineration and 
combustion of oil and coal. Frequently, however, Cr derives from the lithogenic substrate. 
Soils developed from ultramafic rocks and especially serpentinites often have a high 
content of Cr (Adriano, 2001). 
For human beings, the acute toxic effects of Cr are: gastro-intestinal hemorrhages, 
pulmonary edema, and liver and kidney damages, while chronic exposition can lead to 
gastro-intestinal and blood disturbance, damages to liver and kidney, fertility decrease, 
allergies, respiration difficulties, and pulmonary cancer (Bini et al., 2008). 
The average content of Cr in the Earth soils is 40 mg kg-1 (Adriano, 2001), but the 
content of this element is quite variable because it is strongly influenced by the 
pedogenetic component. For example, in Italy soil background ranged between 20 and 307 
mg kg-1, with an average of 95 mg kg-1 (Bini et al., 1988). With regard to the chromium 
content in urban soils, very low values were found in New Orleans (range 0.1–7 mg kg-1, 
Mielke et al., 2005), Aveiro (6–15 mg kg-1, Madrid et al., 2006), Wroclaw (4–17 mg kg-1, 
Samecka-Cymerman & Kempers 1999), and Naples (average 11 mg kg-1, Imperato et al., 
2003). In other cities the content detected was much higher, although, in many cases, a 
good part of the total amount seems to have lithogenetic origin. Quite high values were 
observed in Danang (average 123 mg kg-1, Thuy et al., 2000), Gaborone (136 mg kg-1, Zhai et 
al., 2003), Turin (233 mg kg-1, Biasioli et al., 2007), Antalya, Turkey (190 mg kg-1 , Guvenç et 
al., 2003), and Addis Ababa (range, 50–269 mg kg-1, Alemayehu 2006), to reach an extreme 
situation in Baltimore (mean 794 mg kg-1, Pouyat et al., 2007) and Gibraltar (1,445 mg kg-1, 
Mesilio et al., 2003). 
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Chemical fractionation of chromium in urban soils revealed that in Nanjing, the 
residual fraction was the predominant one, constituting more than 90% of the total (Lu et 
al., 2003) Cr was in the residual chemical fraction, as noted also by Plyaskina & Ladonin 
(2009) in the urban soils of Moscow. Performing sequential chemical fractionation, similar 
results were also obtained from the urban roadside soils of Xuzhou (Wang et al., 2006) and 
from the soils of five cities in Europe (Davidson et al., 2006). These seem to imply that soil 
Cr would be, in most cases, scarcely bioavailable. 
 
Nickel 
Generally, in natural soils, Ni shows the same distribution of Co and Cr, being 
present in association with them in ultramafic and mafic rocks, as serpentinites. Therefore, 
lithogenic contribution appears to be the most Ni relevant source in those cities where the 
pedogenic substrate contains significant proportions of these rocks (Adriano, 2001).  
Nickel has many industrial and commercial uses. It is used for the production of 
stainless steel and other alloys with high corrosion and temperature resistance. Ni metal 
and its alloys are used widely in the metallurgical, chemical and food processing 
industries, especially as catalysts and pigments. Ni is one of the many trace metals widely 
distributed in the environment, being released from both natural sources, in the form of 
dust derived from volcanic emissions and rock weathering, and anthropogenic activities, 
as combustion of coal, diesel oil and fuel oil, the incineration of waste and sewage, and, 
although less important, in dental or orthopaedic implants, stainless steel kitchen utensils 
and inexpensive jewellery (Cempel & Nikel, 2006). 
World soil mean content of Ni is 50 mg kg−1 (Adriano 2001), equal to the average in 
the Italian soils (Bini et al., 1988), while background of agricultural soils of Pisa’s province 
ranged between 51 and 85 mg kg-1, with an average of 65 mg kg-1 (APAT, 2003). 
Particularly low values are reported for the cities of New Orleans (average 8 mg kg-1, 
Mielke et al., 2005), Aveiro (11 mg kg-1, Madrid et al., 2006), and the Scandinavian cities of 
Jakobstad (8 mg kg-1, Peltola & Åström, 2003) Turku (12 mg kg-1, Salonen & Korkka-Niemi, 
2007), Stockholm (13 mg kg-1, Linde et al., 2001), and Uppsala (19 mg kg-1, Ljung et al., 
2006). Markedly higher values are reported for the soils of the city of Turin (185 mg kg-1, 
Biasioli et al., 2007), Honolulu (294 mg kg-1, Sutherland & Tack, 2000)., Baltimore (336 mg 
kg-1, Pouyat et al., 2007), and Gibraltar (648 mg kg-1, Mesilio et al., 2003), where the contents 
are probably heavily influenced by the contribution of the lithological substrate. 
In an experience regarding fractionation of potentially toxic elements in urban soils 
from five European cities, Davidson et al. (2006) found the majority of Ni in the residual 
phase. The same result was obtained by Thums et al. (2008) by fractioning heavy metals in 
an urban brownfield of Wolverhampton and by Plyaskina & Ladonin (2009), although 
using a different method of fractionation, in urban soil of Moscow, Russia. 
 
Cadmium 
Cadmium is a naturally occurring rare element that does not have any known 
essential or beneficial biological function. It is widely distributed in the earth's soils where 
it is recorded an average content of 0.35 mg kg−1 (Adriano 2001), while the background of 
Italian soils ranged between 0.07 and 0.80 mg kg-1, (Bini et al., 1988), and that of 
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agricultural soils of Pisa’s province ranged between 0.23 and 0.43 mg kg-1, with an average 
of 0.31 mg kg-1 (APAT, 2003). 
There are several sources of accumulation of Cd in urban environments. In fact, the 
majority of Cd extracted in the world is used in the production of Ni–Cd batteries, the rest 
of it being used in pigments, and in plastics, for plating and coating. Cd is also used in the 
production of automobile radiators, in electronics component manufacture like telephone 
cables, electrodes, sprinkling systems, fire alarms, switches, relays, circuit breakers, and in 
photography and jewelry. It is a component of tires, petrol, diesel fuel, and lubricating oils 
(USEPA, 2005). 
Cadmium's initial route of entry into the environment is often via the atmosphere. 
When released, it generally occurs as particulate matter and is subject to dry and wet 
deposition. Although anthropogenic releases are in small particles, most Cd appears to be 
deposited relatively close to its source (USEPA, 2005).  
The major public health problems caused by Cd exposure are liver and renal 
damages, because the element is detoxified in the liver and excreted by kidneys (Cui et al., 
2005). 
The limits for Cd set by the laws of many countries in the areas for residential use 
varies between 1.0 and 2.0 mg kg-1 (UK Environment Agency, 2002; Repubblica Italiana, 
2006). In many cities around the world these limits have been reached and exceeded: for 
example in Athens (0.3–2.0 mg kg−1, Chronopoulos et al., 1997), Wroclaw (0.7–2.6 mg kg−1, 
Samecka-Cymerman & Kempers 1999), Oslo (0.06–3.1 mg kg−1, Tijhuis et al., 2002), Ibadan 
(0.18–2.7 mg kg−1, Gbadegesin & Olabode, 2000), Pforzheim (0–4.5 mg kg−1, Norra et al., 
2006), and Hong Kong (0.02–5.9 mg kg−1, Li et al., 2001); extremely high levels of Cd 
contamination were detected in Celje (21.4 mg kg−1, Vrščaj et al., 2002), Berlin (54 mg kg−1, 
Birke & Rauch, 2000), Gibraltar (318 mg kg−1, Mesilio et al., 2003), and in Calcutta (833 mg 
kg−1, Chatterjee & Banerjee 1999). 
Cadmium is generally found in labile chemical fractions. In Hong Kong (Li et al., 
2001), more than 50% of the total Cd was found to be in the exchangeable phase and 
similar results were obtained in Bangkok by Wilcke et al. (1998). In two soils in Stockholm, 
Cd was mainly recovered from easily exchangeable fractions (Öborn & Linde, 2001) and 
also Yang et al. (2006) found from 35% to 50% of total Cd in the labile phase. This element 
was mostly present in mobile pool, represented by exchangeable cations. Using a different 
method of fractionation, Plyaskina & Ladonin (2009) in the urban soil of Moscow, Russia, 
found similar results: the major portions of Cd was in the weakly bound fractions 
(exchangeable and specifically sorbed cations): these account approximately for 20–40%, 
while in the residual fractions was recovered approximately 20–25% of the element. 
 
Manganese 
In nature, Mn is a constituent in rockforming minerals, subject to dissolution and 
mobilization under acidic and/or reducing conditions, while it is commonly precipitated 
under oxic conditions (Navratil et al., 2007). It is widely distributed in the Earth's soils 
where an average content of 950 mg kg−1 is recorded (Adriano 2001), while background of 
Italian soils had a mean of 873 mg kg-1, (Bini et al., 1988). Mn is an activator of several 
enzymes (Kozlowski & Pallardy, 1997), it acts as a catalyst in various geochemical 
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reactions, such as nitrate reduction and immobilization in soil (Davidson et al., 2003), and 
is an essential micronutrient in the production of amino acids and proteins, as well as 
chlorophyll (Kozlowski & Pallardy, 1997). Because of this, Mn is actively cycled between 
plant and soil (Navratil et al., 2007). 
Manganese in the urban environment is primarily derived from crustal sources but 
also anthropogenic sources including non-ferrous metal production and sewage sludge 
incineration may be significant (Nriagu, 1990). Furthermore, it may result from the 
combustion of fuels used for automotive (Loranger et al., 1994; Ardeleanu et al., 1999; 
Okonkwo et al., 2009), because methylcyclopentadienyl manganese tricarbonyl (MMT) has 
been used as additive in unleaded gasoline for its ant knocking and  octane improving  
capacities in many countries of the world, such as Canada, USA, South Africa (Zayed et al, 
1999; Okonkwo et al., 2009) and Europe (Geivanidis et al., 2003), although in the latter the 
legislation provides by 1 January 2011 a maximum limit of Mn in fuels of 6 mg l-1 
(European Community, 2009). 
Excessive exposure to Mn high concentrations can lead to numerous health problems, 
especially in the neurological and respiratory systems (Roels et al., 1992; Frumkin & 
Solomon, 1997). 
In spite of this, the Mn content of the soil was measured in a few cities: different 
values are reported for Seville and Ljubljana that showed means of 369 mg kg-1 and 487 
mg kg-1, respectively (Davidson et al., 2006), for Tallinn, that showed a mean of 821 mg kg-1 
(Bityukova et al., 2000), and for Montreal, where Mn total content ranged from 523 to 768 
mg kg-1 soil and was negatively correlated with distance from roads (Normandin et al., 
1999). 
The bioavailability of Mn in soils is generally adequate at pH < 6.5 but it becomes 
significantly lower in soils with neutral or alkaline reaction (Ducic & Polle, 2005). As 
reported in a work carried out on street dust and urban soil roads of Pretoria, South 
Africa, (Okonkwo et al., 2009) to assess contribution of combustion of vehicular MMT on 
Mn levels and distribution, soil total Mn concentration ranged from 215.8-450.6 mg kg−1, 
values significantly higher than the mean value of  the surrounding rural environment. 
Mn was almost present in the residual fraction (60%), reducible and oxidizable fractions 
accounted for about 20% and 15% respectively, while labile pool was the less represented 
fraction accounting only for 5% (4.5% carbonate bound and 0.5% exchangeable). 
 
Mercury 
Natural sources of Hg include volcanic eruptions, crustal degassing, and emissions 
from forest, lakes and oceans (Dommergue et al., 2002). 
The most significant anthropogenic activities releasing Hg into the environment are 
mining and smelting of ores, particularly those of Cu and Zn; petroleum refining and 
fossil fuel combustion coal in particular; industrial processes, as the chloroalkali 
production; waste incineration; use of agricultural fertilizers and fungicides, and land 
spreading of sewage sludge, but, above all coal burning (Rodrigues et al., 2006). Mercury is 
also released during the life cycle of a number of consumer, medical and industrial 
products such as fluorescent lamps, dental amalgams, clinical thermometers, thermostats, 
electrical switches, pressure sensing devices, and blood pressure reading devices (Boszke 
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& Kowalski, 2006). In 2005 The European Community has enacted a measure affecting the 
control of emissions, production, use, export and release of Hg in order to protect human 
health and the environment. 
Generally, human exposure to Hg results in neurologic and kidney disorders Chronic 
exposure to the lipid-soluble forms of elemental Hg and methyl mercury perturb 
neuromotor, behavioral, immune and cognitive functions and also Ca homeostasis (Florea 
& Busselberg, 2006). 
The world soil average content is reported to be 60 μg kg−1 (Adriano, 2001). Due to its 
high toxicity, the legislative limits for clean soils are lower compared to all other elements. 
The Dutch list (VROM, 2000) considers dangerous a content of 10 mg kg−1, in United 
Kingdom the limit  fixed in The soil guideline values for residential areas and allotments 
(Environment Agency, 2002) is 8 mg kg−1, while, in Italy, the allowed Hg content for 
residential use areas, is 1 mg kg−1 (Repubblica Italiana, 2006 Dlgs 152/2006). The soils of 
numerous cities reach and exceed these limits. Mieres, in northern Spain, shows an 
average concentration of 4.24 mg kg−1 and a maximum of 25.0 mg kg−1 probably because of 
the mining activities in the surroundings (Loredo et al., 2003). In Berlin, despite a mean 
content of 0.42 mg kg−1, in industrial areas were detected values of 71.2 mg kg−1 (Birke & 
Rauch, 2000) High maximum contents were also reported for Wroclaw (4.0 mg kg−1, 
Samecka-Cymerman & Kempers, 1999), Turin (4.4 mg kg−1, Rodrigues et al., 2006), 
Newcastle upon Tyne (5.0 mg kg−1, Rimmer et al., 2006), Stockholm (6.5 mg kg−1, Linde et 
al., 2001), and Palermo (7.0 mg kg−1, Salvagio Manta et al., 2002). Also low values are 
reported in literature: for example, in the urban soils of five Italian cities of Campania 
values ranging between 0.06 and 0.18 mg kg−1 were detected (Cicchella et al., 2008a, b), in 
selected garden soils in urban area of Bydgoszcz agglomeration (northern Poland) were 
detected values ranging from 0.05 to 0.29 mg kg−1 (Dąbkowska-Naskręt & Różański, 2007), 
while in the urban district of Changchun, China values from 0.14 to 0.48 mg kg−1  (Fang et 
al., 2004), and, finally, in the soils of urban parks in Rome, was detected a value of 0.78 mg 
kg−1  (Cenci et al., 2008). 
 
Other trace elements 
Arsenic is naturally present in soils with concentrations reflecting the geology of the 
region as well as anthropogenic inputs. Higher concentrations are associated in soils 
derived from parent material igneous and sedimentary rocks. Arsenic is used in multiple 
manufacturing and industrial processes including the production of wood treating 
chemicals, herbicides, pesticides, metal alloys, glass, pharmaceuticals, and semi-
conductors. Elevated As soil concentrations are often associated with mining activities, 
smelters, fossil fuel combustion, especially coal, pesticide/herbicide manufacturing 
facilities and agricultural lands (USEPA, 2005). 
Arsenic can exist in four oxidation states: +5, +3, 0 and -3. In soil, As is a constituent of 
numerous minerals, as arsenopyrite (FeAsS). Inorganic arsenate can also be bound to 
several cations, like Fe and Al, as well as organic matter in soils. Arsenic occurs in 
contaminated soils primarily as the inorganic As (V) and As (III) but soil microorganisms 
can produce organic forms (CCME, 1996). Transformations among inorganic and organic 
forms are controlled by the oxidation-reduction, precipitation/adsorption, and 
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biomethylation processes in addition to the biological production and volatilization of the 
arsines (USEPA, 2005). The availability or solubility of As in soils depends on the source 
(natural vs. anthropogenic) and the soil's clay content, redox potential, and pH. Generally, 
factors that tend to increase As availability have anthropogenic sources (e.g., pesticides), 
low clay content, low redox potential (reducing conditions), and high pH (alkaline 
conditions) (Cullen & Reimer, 1989; USEPA, 2005). 
Human exposure to As is toxic for the nervous system, inducing damage to brain 
cells and disturbance in memory. In addition, it causes various cancer types, liver damage 
and dermatitis (Florea & Busselberg, 2006). 
Arsenic is widely distributed in the Earth's soils where is recorded an average content 
of 6.0 mg kg−1 is recorded (Adriano, 2001), while background of Italian soils shows much 
higher values ranging between 4.0 and 197.0 mg kg-1, with an average of 41.0 mg kg-1 (Bini 
et al., 1988) notwithstanding the limits of the Italian law for residential areas that are 20.0 
mg kg-1 (Repubblica Italiana, 2006 DLgs 152/2006). 
Researches on the content of As in urban topsoils are quite poor. In Moscow, the As 
concentration in soils was measured to range from 8 to 25 mg kg-1 (Alexandrovskaya & 
Alexandrovskiy, 2000), similar to what was found in Pforzheim (Norra et al., 2006). 
Remarkably high values were reported in literature for big cities as Oslo (range between 
3.0 and 69.6 mg kg-1 , Tijhuis et al., 2002), Turin (8–21 mg kg-1, Biasioli & Ajmone-Marsan, 
2007), Beijing (5.7–23 mg kg-1, Luo et al., 2008), and São Paulo (7–26 mg kg-1, Figueiredo et 
al., 2009). Even higher values were reported for cities with a significant industrial history 
as Avilés (4.5–117 mg kg-1, Ordóñez et al., 2003), and Newcastle upon Tyne (5–279 mg kg-1, 
Rimmer et al., 2006). Exceptional cases of soil pollution by As are the cities of Xuzhou 
(maximum value of 577 mg kg-1; Wang & Qin, 2007), Mieres (max of 961 mg kg−1; Loredo et 
al., 2003), because of the mining activities in the surrounding area, Gibraltar (max of 1,351 
mg kg−1 in “civilian” areas; Mesilio et al., 2003) and Calcutta (range 17.5 - 9,740 mg kg−1; 
Chatterjee & Banerjee 1999) because of its too intense smelting activities. 
Main Sb anthropogenic input sources in the environment result from discharges from 
petroleum refineries, fire retardants, ceramics, corrosion of lead pipes and fittings, (Filella 
et al, 2002). As a matter of fact, Sb is used mixed with Pb in car batteries and bullets, to 
increase Pb's durability, and as flame-retardant in plastics and textiles. In the environment, 
Sb has been found to be related with other elements typically associated with vehicular 
traffic, like Cd, Zn, As and, above all, Pb. In fact, it is used in brake pads, as flame 
retardant in vulcanization of rubber, in motor bearing alloys and, as Sb-
dialkyldithiocarbamates, in greases and motor oils (Steinnes et al., 2005; Fujiwara et al., 
2011a). Antimonium deposition has declined substantially since the 1970s, but the rate of 
decline is lower than for Pb and As, probably because of significant Sb emissions from 
brake linings in automobiles (Steinnes et al, 2005). 
 
Platinum Group Elements (PGEs) 
With the phasing out of leaded gasoline, following the introduction of the three ways 
automobile catalytic converters, in the middle of the 80s in Europe and in the 70s in the 
USA, the platinum group metals (PGEs) Pt, Pd, and Rh have been a subject of increasing 
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interest by environmental scientists because of their emission with car exhaust fumes into 
the environment: the state of the art has been summarized by Ek et al. (2004), Dubiella-
Jackowska et al. (2009), and Wiseman and Zereini (2009). PGEs operate as catalytic active 
metals in exhaust gas converters reducing the emission of hydrocarbons, carbon monoxide 
and nitrogen oxides (Ek et al., 2004). Catalytic converter surface abrasion and deterioration 
releases these elements, adsorbed on small particles, into the environment, causing PGEs 
deposits near roads, in vegetation, and in other environmental compartments such as 
rivers, as a result of wind and water transport (Morcelli et al., 2005). In addition to 
vehicular traffic, that is clearly the greatest source, PGEs emissions can also derive from 
effluents of hospitals and dental laboratories using Pt in anti cancer drugs, as cisplatin, 
and Pt and Pd in dental alloys, and from jewelleries (Hoppstock & Sures, 2004; Jollie, 
2006). 
PGEs was previously believed to be relatively inert, but it has now been shown that 
these metals undergo environmental transformations into more reactive species through 
complexation with organic matter or solubilization in low pH rainwater. (Dubiella-
Jackowska et al., 2009). Solubility studies with ground catalytic converter material, 
automobile exhaust fumes, road and tunnel dusts revealed that the PGEs emitted from 
cars are very little soluble and are therefore mobile in the environment (Moldovan et al., 
2002). Several studies suggest an environmental mobility and uptake gradient of 
Pd>Rh>Pt (Ek et al., 2004). 
Regarding PGEs toxicology, in experiment in rats was shown that the greater 
proportion of Pt and Pd remaining after excretion are in the liver and kidney, where Pt is 
transported bound to proteins. In human beings, platinum allergy is well known and 
occurs in occupationally exposed individuals, while Pd and Rh allergies are rare, although 
Pd is a potent sensitizer (Ravindra et al., 2004). Children can be more sensitive than adults 
to the high allergenic and cytotoxic potential of these harmful metals because they breathe 
more air per kilogram of body weight than adults and they also have a larger skin surface 
in proportion to their body volume (Conti et al., 2008).  
PGEs concentrations of up to 2250 μg kg−1 for Pt, and 500 μg kg−1for Pd were found in 
road dusts of European cities. This leads towards an accumulation in the urban 
environment that is higher in urban areas with greater traffic volumes (Tankari Dan-Badjo 
et al., 2007). Available data, however, show a multiform situation. The soils of South Bend, 
USA, show low contents of PGEs (Pt, 11–66 μg kg−1; Pd, 2–19 μg kg−1, Ely et al., 2001), as 
well as those from Xuzhou (Pt, 1–4.7 μg kg−1; Pd, 1.1–3.7 μg kg−1, Wang & Sun, 2009), 
Honolulu, where a study on road dust revealed an average Pt content of 70.2 μg kg−1, and 
Pd of 17.7 μg kg−1 (Sutherland et al., 2007) and Ioannina, Greece where roadside soils 
revealed Pt content ranging between 39.9 and 78.4 μg kg−1 and Pd between 6.0 and 8.8 μg 
kg−1 (Tsogas et al., 2009). Data for Mexico City soils reveal higher values, ranging between 
2–333, and 3–101 μg kg−1 for Pt and Pd, respectively (Morton et al., 2001). Similar 
concentration values were detected in Braunschweig, Germany, where 261 μg kg−1Pt, and 
124 μg kg−1 Pd were observed in the soils along a street in the center of the city (Wichmann 
et al., 2007) and in Athens where values of 34–216 μg kg−1of Pt and 20.3–185 μg kg−1of Pd 
were measured (Riga-Karandinos et al., 2006). Likewise, in Perth, along various roads in 
the city, Pt was found to range from 31 to 153 μg kg−1, and Pd from 14 to 108 μg kg−1 
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(Whiteley & Murray 2003). Finally, extremely high concentrations of Pt, 8–606 μg kg−1, and 
Pd, 8–1,050 μg kg−1, were measured in the soils of Sheffield (Prichard et al., 2008). In Italy 
relatively high concentrations of Pd (8–110 μg kg−1) and of Pt (2–52 μg kg−1) were 
measured in flower beds in Naples (Cicchella et al., 2003) , while in Rome, the average Pt 
content varied from 11.2 μg kg−1 (Angelone et al., 2002) to 30.7 μg kg−1 (Cenci et al., 2008). 
Cicchella et al. (2008c), in a research on PGEs distribution in the soils from urban areas of 
the Campania region (Italy), have found an enrichment only in the soil of Salerno, a city 
with high population and high automobile traffic densities (maximum concentration 
values Pt 278 μg kg−1, Pd 432 μg kg−1), while in the other cities (Avellino, Benevento and 
Caserta), characterized by low population density, PGEs concentrations were close to 
background values. The results of a work performed in five Italian cities by Spaziani et al. 
(2008), show a beginning of Pt enrichment in urban soils, with concentration ranges of 0.1–
5.7 μg kg−1 (Padua), 7–19.4 μg kg−1 (Rome), 4.9–20 μg kg−1 (Viterbo), 4.7–14.3 μg kg−1 
(Naples), and 0.2–3.9 μg kg−1 (Palermo). In another recent work carried out in Rome, 
values of Pt ranging from 24 to 41 μg kg−1 were detected in urban park soils (Cenci et al., 
2008). 
 
Biological features 
 
The biological activity in soil is mostly concentrated in the topsoil, which is 
approximately constituted by the upper 30 cm of ground. In topsoil, the biological 
components occupy a very small fraction (<0.5%) of the total soil volume and constitute 
less than 10% of the total soil organic matter. The actors of this activity are soil organisms, 
mainly microorganisms, that are key players in the decomposition of organic residues and, 
consequently, in the cycling of main nutrients as nitrogen, sulphur, and phosphorus, also 
on a global scale (Pankhurst et al., 1997). Energy input into the soil ecosystems derived 
from the microbial decomposition of organic matter from dead plants and animals. These 
organic residues are converted to biomass or mineralized to CO2, H2O, mineral nitrogen, 
phosphorus, and other nutrients (Bloem et al., 1997). Mineral nutrients immobilized in 
microbial biomass are subsequently released when microbes are grazed by microbivores 
such as protozoa and nematodes (Bloem et al., 1997). Microorganisms are further 
associated with the transformation and degradation of waste materials and synthetic 
organic compounds (Torstensson et al. 1998). Microorganisms also affect soil physical 
properties maintaining soil structure, trough the production of extra-cellular 
polysaccharides that function as cementing agents that stabilizing soil aggregates. 
Thereby, microbial action can also affect other physical soil properties like water holding 
capacity, infiltration rate, crusting, erodibility, and susceptibility to compaction (Elliott et 
al., 1996). 
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Carbon mineralization (respiration) 
 
The size of the microbial biomass, its turnover and the microbial utilization efficiency 
of organic carbon can be important indicators of soil health and environmental quality 
(Bardgett & Saggar, 1994). The efficiency of organic carbon degradation by soil 
microorganisms can be expressed in basal soil respiration activity that, moreover, takes 
into account the energy use by microflora (Wardle & Ghani, 1995). On the other hand, 
atmospheric CO2 evolution from terrestrial ecosystems is continuously increasing, also due 
to changes in land use and soil management that stimulate soil organic matter 
mineralization and decrease its content in soils (Canadell et al., 2000). Consequently, 
efficient utilization of soil as a C sink will require identification of soil systems with high 
potential for sequestration and improved methods of monitoring soil C and its 
mineralization (Cardelli et al., 2012).  
Soil C mineralization (respiration) is one of the most simple and frequently used 
parameters to quantify the effects of disturbances on the soil microbial activity, although 
different results and consequent diverse opinions regarding CO2 evolution rates in 
contaminated soils have been reported (Saviozzi et al., 2006). 
Different mathematical models were utilized by various authors to study soil C 
mineralization process: some of the most significant are shown in table 1.5. 
 
Table 1.5 - Kinetics models used to describe C-mineralization in soil 
No. Model Cumulative model Reference 
1 First order Ct = C0(1-e
-kt) Stanford & Smith (1972) 
2 First order E Ct = C0(1-e
-kt) + C1 Jones (1984) 
3 Zero order Ct = Kt + intercept Seyfried & Rao (1988) 
4 Mixed order Ct = C0(1-e
-kt-0,5kt2) Brunner & Focht (1984) 
5 First + zero order Ct = C0(1-e
-kt) + At Blet-Charaudeau et al. (1990) 
Ct, (mg/100 g of soil) (dependent variable); t, time from start of incubation (independent variable); C0, potentially 
mineralizable carbon (mg/100 g of soil); Cl easily mineralizable carbon (mg/100 g of soil); k, h, A, rate constants. 
 
Urban soils have often higher fluxes of CO2 than native soils (Grimmond et al., 2002; 
Pataki et al., 2006). Atmospheric concentrations of CO2 in urban environments are 
generally higher due to anthropogenic sources, in particular, fossil fuel combustion by 
automobiles (Koerner & Klopatek, 2002; Pataki et al., 2007). Urban soils in Phoenix showed 
significant higher CO2 efflux rates than soils in natural ecosystems. In Chicago, the urban 
soils are usually a net source of CO2 whereas forested sites exhibit negative fluxes 
(Grimmond et al., 2002). In North-Western Germany, Beyer et al. (1995) observed that the 
potential soil CO2 flux due to microbial activity, expressed as basal respiration was 
comparable between urban and natural A-horizons. Differently from it, the urban A-
horizon on waste land that was developed from OM-rich sewage sludge had distinctively 
higher basal respiration rates and, in addition, emitted methane (CH4). In a Sonoran desert 
urban ecosystem, soil CO2 flux in well-watered lawns was higher than in desert remnant 
sites (Green & Oleksyszyn, 2002). Soil respiration in urban ecosystems of Fort Collins was 
five times more than the one of native grasslands (Kaye et al., 2005). Urban soils may have 
higher fluxes of both CO2 as regards to native soils (Pataki et al., 2006). The C loss during 
litter decomposition in urban ecosystems shows mixed results as slower and faster 
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decomposition rates in urban compared to non-urban soils were reported by Pouyat et al. 
(1997) and Pavao-Zuckerman and Coleman (2005).  
 
Community level physiological prophile (CLPP) 
 
Protection of Nature and especially biodiversity is the main focus of the Rio 
Convention of 1992. Biodiversity is considered to comprise all biological variation from 
genes to species, up to communities, ecosystems and landscapes (M.E.A., 2005). Soil 
biodiversity is the variation in soil life, from genes to communities, and the variation in 
soil habitats, from micro-aggregates to entire landscapes. As many species have 
overlapping functions, there is less functional biodiversity than taxonomic diversity. In 
this framework, the classification and measurement of functional diversity is of crucial 
importance and, considering that C is the essential element that regulates the microbial 
growth in the soil, functional aspects related to C substrate utilization can provide 
important information. In fact, the functional diversity of microorganisms, defined by the 
substrates used for energy metabolism, is considered one of the most important 
prerequisites in biogeochemistry (Hooper et al., 1996). Furthermore, functional diversity 
was sustained to be more important for the long-term stability of an ecosystem than 
taxonomic diversity (Pankhurst et al., 1996). One of the most used methods for soil 
functional diversity detection, developed by Garland and Mills (1991), involves the direct 
inoculation of environmental samples in Biolog Ecoplates (containing different C sources, 
nutrients, and a redox dye), their incubation, and spectrometric detection of heterotrophic 
microbial activity; it can effectively measures the functional diversity of soil microbial 
communities (Zak et al., 1994; Girvan et al., 2003). This is a relatively simple and fast 
technique whose application to the soil, however, presents some difficulties (Preston-
Mafham et al., 2002); therefore it requires careful data acquisition, analysis and 
interpretation (Insam & Goberna, 2004). 
Several approaches have been used to reduce the biases related to the inoculums 
density, time of incubation, and microenvironment (Garland, 1997). For example, the 
standardization of the initial inoculums density, even if very laborious, is commonly used 
(Garland & Mills, 1991). Another solution to the problem of inoculums density is the 
normalization of the optical density (OD) readings by dividing each value by the average 
of color development (AWCD) (Haack et al., 1995; Garland, 1997; Heuer & Smalla, 1997; 
Konopka et al., 1998). Regarding the incubation time, the most used measurement 
strategies may be the use of continuous readings of the plates with the integration of the 
OD over time to analyze their kinetics, rather than the degree of color development in a 
given time (Haack et al., 1995; Garland, 1997), this led to the development of a model type 
of sigmoid growth (Lindstrom et al., 1998). However, the kinetic parameters are not 
independent from the inoculums density (Lindstrom et al., 1998; Garland et al., 2001) and 
must be normalized prior to analysis statistical (Garland, 1997). As for most biological 
investigations, fresh samples are superior to any stored samples. The literature contains 
several methods for bacterial extraction from soil, sediment and compost samples by using 
deionized water, TRIS, phosphate saline buffer (PSB) or others (Rutgers et al., 2006) being 
PBS the best dispersant of microbial cell-soil aggregates.  
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Works on the use of Biolog Ecoplates for the functional characterization of microbial 
communities of urban soils are not very numerous. Among them, monitoring the soil of an 
urban park in Berlin, Braun and co-workers (2006) highlighted that polyoxyethylene-
sorbitanes Tween 40 and Tween 80 served as good nutrients for the bacteria of all soil 
depths. Being these non-ionic surfactants atypical components in soils it was remarkable 
that the majority of the soil bacteria possessed the enzymatic equipment to degrade such 
substances. On the other hand DL-a-glycerol phosphate, glucose-1-phosphate, and a-
cyclodextrin were non-degradable for all tested bacterial communities. The two latter 
substrates commonly appear as products of starch decomposition. 
In two subsequent studies, monitoring microbial communities structures and 
activities in Aberdeen topsoils, Yang and colleagues (2001; 2006) showed that roadside 
samples had the largest AWCD values, and rural ones the smallest, indicating that 
roadside soils microorganisms would consume much more energy carbon than those in 
park land and rural soils for supporting their activities, but the utilization of different 
energy carbon sources by the three groups of soil microorganisms was very different. 
While rural soils preferred to consume sugar, urban park soils chose unsaturated aliphatic 
acid, and, finally, roadside soils had the highest utilization for the amino acid and phenolic 
acid. Greater differences between the soils were seen in the utilization of the latter 
substances which were used fastest in roadside soils and parkland soils. Differences in C 
source utilization patterns suggested the microbial communities were significantly 
different. As regards heavy metals influence on soil microbial communities the authors 
found that the microbial community level physiological profiles was positively influenced 
by exchangeable- and iron- and manganese-bound Ni fractions as well as by total Ni 
concentration, while no correlation with any other among the monitored heavy metals was 
detected. 
Also the community recovered in a diesel oil polluted soil showed a wider and 
higher metabolic activity than unpolluted control, being able to metabolize a greater 
number of substrates and reaching higher AWCD values (Alisi et al., 2009). 
Yao et al. 2003, monitoring microbial communities structure and activity of in a 
sequence of heavy metal-polluted Chinese paddy soils around a smelter, demonstrated 
that heavy metal pollution had a significant impact on microbial community structure and 
there was a threshold metal concentration for substrate utilization pattern. However, the 
average well color development (AWCD) of the carbon sources in Biolog plates did not 
vary in a consistent manner with the microbial biomass or heavy metal concentration. 
Alarcon Gutierrez and co-workers (2009) in a research on litter microbial 
communities indicated that microbial activity and functional diversity of micro-organisms 
changed with litter depth on a very small scale and varied with chemical organic matter 
(OM) structure and composition. 
Brandt and colleagues (2010) in a research on soil microbial communities adaptation 
to Cu showed that low-Cu and high-Cu soil fingerprints could generally not be 
differentiated from each other, indicating that the metabolic community fingerprints 
responded in highly similar ways to Cu. 
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Enzymatic activities 
 
Soil enzymes play key roles in the functioning of the soil ecosystem where they 
regulate fundamental processes such as organic matter decomposition, nutrient cycling 
and energy transformation by catalyzing several chemical, physical and primarily 
biological reactions. Soil enzymes activities are influenced by environmental changes 
induced by natural and anthropogenic factors like cover vegetation, soil physical and 
chemical features, land use and management (Dick, 1997; Green & Oleksyszyn 2002, 
Riffaldi et al., 2002; Sinsabaugh et al., 2002; Brzezińska et al., 2005; Shi et al., 2008).  
Many soil enzymes have been suggested as biochemical indicators of soil quality, 
because of their essential role in soil biology, ease in measurements and interpretation, 
and low cost (Gianfreda & Bollag, 1996), as well as their rapid response to changes in soil 
ecosystem and their intimate relations with surroundings due to their high surface to 
volume ratio. Generally, changes in microbial activity precede detectable changes in soil 
physico-chemical properties, thereby providing an early warning of soil degradation 
(Nielsen & Winding, 2002). Soil enzyme activities are quite widely utilized as indicators 
for soil contamination, fertility and health (Trasar-Cepeda et al., 2000; Saviozzi et al., 2001; 
Nielsen & Winding, 2002; Shaw & Burns, 2005; Papa et al., 2010). Finally, soil enzymes, 
being the direct expression of the soil microbial communities to metabolic requirements 
and available nutrients, are regarded as one of the main component of soil biodiversity: 
this is one of the main soil features, because the capacity of soil microbial communities to 
maintain functional diversity of various soil processes counteracting disturbance and 
stresses is fundamental for ecosystem productivity, stability and health, often more 
important than taxonomic diversity (Nannipieri et al., 2003; Caldwell, 2005). 
The enzymatic activity in soil is mainly of microbial origin, being derived from 
intracellular, cell-associated or free enzymes. Only enzymatic activity of ecto-enzymes and 
free enzymes is used for determination of the diversity of enzyme patterns in soil extracts. 
(Nielsen & Winding, 2002). 
Microbial habitat is strongly influenced by the composition of the soil solid phase: in 
fact close correlations between soil organic matter (SOM) and microorganisms have been 
highlighted in natural soils (Wardle, 1992). In urban soils, however, soil properties and 
processes may be altered by organic or inorganic contaminants (Green & Oleksyszyn 
2002). Organic pollutants like combustion-derived carbon (e.g., black carbon) mainly 
originate from burning of fossil fuels, but the presence of other organic impurities and 
plastics is also detected (Beyer et al., 2001; Bucheli et al., 2004; Lorenz et al., 2006). The 
action of all these organic contaminants has been shown to have inhibitory effects on soil 
enzymes (Rao et al., 2006; Riffaldi et al. 2006; Plaza et al., 2010; Zhan et al., 2010). 
Among the most important inorganic contaminants are undoubtedly included heavy 
metals. These trace elements usually determine an inhibition in soil enzymatic activity 
depending on the nature and concentration of the single heavy metal (Kandeler et al., 2000; 
Khan et al., 2007). 
Heavy metals severely affect the growth, morphology and metabolism of 
microorganisms in soils, and can inhibit enzymatic activities by either interacting with the 
enzyme substrate complexes, denaturing the enzyme protein and competing for its active 
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site (Megharaj et al., 2003), or destroying the integrity of microbial cell membranes (Leita et 
al., 1995). 
The inhibitory effect of heavy metals on the enzymatic activities of the soil, whether 
they act individually or jointly, has recently been the subject of a very high number of 
studies (Smejkalova et al., 2003; Mikanova, 2006; Chaperon & Sauveé, 2007; Gulser & 
Erdogan, 2008; Kumpiene et al., 2009; Khan et al., 2010). 
Similarly, the study of urban soils biological activities is gaining recently more and 
more interest from scientist (Machulla et al., 2001; Kaye et al., 2005; Scharenbroch et al., 
2005; Lorenz & Kandeler, 2006; Yang et al., 2006; Shi et al., 2008). 
 
Oxidative enzymes 
 
Dehydrogenase 
 
Dehydrogenases (EC 1.1.1.1) are enzymes which catalyze transfer of protons and 
electrons from substrates to acceptors, fundamental reactions in respiration pathways of 
soil microorganisms (Doelman & Haanstra, 1979). They carry out a wide range of 
oxidative activities that are responsible for degradation of soil organic matter (Margesin et 
al., 2000) and, existing in the soil as an integral part of viable cells, are considered an 
indicator of soil microbial activity (Burns, 1978). This biomarker has been used extensively 
because dehydrogenaes are intracellular to the microbial biomass, common throughout 
microbial species and are rapidly degraded following cell death (Rossel & Tarradellas, 
1991). Soil dehydrogenase activity can also reflect changes in the metabolic activity of 
microbial populations in reply to a changing soil environment (Achuba & Peretiemo-
Clarke, 2008) and therefore is often utilized as measure of the effects of various types of 
stress on soil microbial population activity, such as those caused by pesticides, heavy 
metals or soil use and management (Stepniewski et al., 2000; Saviozzi et al., 2001; Gianfreda 
et al., 2005; Chaperon & Sauveé, 2007; Lagomarsino et al., 2009; Xie et al., 2009; Cardelli et 
al., 2012). 
In literature, there are few works concerning the monitoring of urban soil 
dehydrogenasic activity. 
In one of these studies, Bowanko and colleagues (2004) have demonstrated the strong 
depressive effect of the deposition of different kinds and forms of waste building material 
on the dehydrogenase of urban topsoil. 
In a later work, large differences have been found among dehydrogenase activity in 
nine sites of different land use in Stuttgart, Germany. The highest activities were found in 
public parks (0.25–0.47 g TPF kg–1 h–1), while extremely low activities were found in a 
railway areas (0.01–0.02 g TPF kg–1 h–1).  In the vast majority of the samples, the enzyme 
activity decreased according to the depth of the soil and showed significant variations in 
the course of time (Lorenz & Kandeler, 2006). 
Finally, in a study performed on the urban topsoils in Gümüşhacıköy, NW Turkey, 
that had moderate coarse texture, alkaline pH; moderate OM (2.23%) and lime content 
(5.38 %), dehydrogenase activities ranged 10.7 – 258.4 μg TPF g-1 dry soil (mean 104.7 μg 
TPF g-1 dry soil) and showed a good spatial dependence (Kızılkaya & Aşkın, 2007). 
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Catalase 
 
Catalase (hydrogen peroxide oxidoreductase, EC 1.11.1.6) is a heme-containing, 
intracellular enzyme found in plant and animal cells (Alef & Nannipieri, 1995), such as in 
all aerobic bacteria and most facultative anaerobes, but absent in obligate anaerobes 
(Trasar-Cepeda et al., 2000; Anderson, 2002; Shiyin et al., 2004). Catalase is capable of 
promoting hydrogen peroxide transformation into water and molecular oxygen, thus 
preventing cells damage by reactive oxygen species (Yao et al., 2006). Hydrogen peroxide 
and other reactive oxygen species, such as superoxide and hydroxyl radicals, are formed 
during aerobic respiration as by-product in several cellular systems, being the price that 
aerobic organisms must pay for the high efficiency of O2-dependent respiration 
metabolism. It is well known that the products of oxygen reduction can be highly toxic for 
cells and can cause irreversible damages to several cellular macromolecules, including 
proteins by oxidizing their SH-groups (Alef & Nannipieri, 1995). Catalase, along with 
peroxidases and superoxide dismutase, serves as an efficient scavenger of reactive oxygen 
species. 
Catalase activity, being related to the metabolic activity of aerobic organisms, has 
been used as an indicator of soil fertility and well-being (Gianfreda & Bollag, 1996; Shiyin 
et al., 2004; Trasar-Cepeda et al., 2007). This enzyme is very stable in soil and shows a 
significant correlation with the content of organic carbon content, soil microbial biomass, 
CO2 evolution, and dehydrogenase, amidase, glucosidase and esterase activity (Burns, 
1978; Garcia-Gil et al., 2000; Margesin et al., 2000; Babeanu et al. 2003; Kizilkaya et al. 2004; 
Uzun & Uyanoz, 2011), while was found to decrease according to soil depth and, in 
general, under hypoxic conditions (Brzezińska et al., 2005). Catalase inhibition was also 
observed in soils polluted with heavy metal (Kizilkaya et al. 2004; Saviozzi et al., 2006; 
Khan et al., 2007;  Cardelli et al., 2009; Stępniewska et al., 2009) and  organic contaminants 
(Achuba & Peretiemo-Clarke, 2008; Kolesnikov et al., 2010; Zhan et al., 2010). 
In the literature, the work on catalase monitoring in urban soils are very scarce. 
Shi and colleagues (2008), monitoring enzyme activities of urban soils under different 
land use in Shenzhen City, China, showed a significant positive correlation between soil 
electrical conductivity and soil catalase activities. This enzyme was also related to soil 
organic matter and pH. 
 
Hydrolytic enzymes 
 
Arylsulphatase 
 
Arylsulphatase (EC 3.1.6.1) is the enzyme involved in the breakdown of sulfur-
oxygen bond and is involved in the mineralization of aromatic sulphate esters and sulphur 
mobilization in soils (Tabatabai & Bremner, 1970; Gupta et al., 1993; Tabatabai, 1994). This 
enzyme promotes the extracellular hydrolysis of aromatic sulphate esters and intracellular 
oxidation of organic matter absorbed by soil microorganisms during their energy 
production and carbon skeletons biosynthesis (Fitzgerald & Stickland, 1987). During these 
processes sulphate ion is released as a byproduct (Kertesz & Mirleau, 2004). 
Arylsulphatases are secreted by soil bacteria into the external environment as a response 
to sulphur limitation (McGill & Colle, 1981) and their occurrence in different soil systems 
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is often correlated with microbial biomass and rate of S immobilization (Klose et al., 1999; 
Klose & Tabatabai, 1999; Vong et al., 2003). 
The action of the enzyme is influenced by several factors, typical of the soil 
environment, like pH (Acosta-Martinez & Tabatabai, 2000; Gianfreda et al., 2005); organic 
matter content and its type (Ladd, 1978; Nsabimana et al., 2004); different land use and 
management (Klose et al., 1999; Nsabimana et al., 2004; Saviozzi et al., 2007; Acosta-
Martínez et al., 2008). These factors determine the degree of protection of organic sulphate 
esters against enzymatic hydrolysis due to the sorption to particles surfaces in soils, and 
the activity persistence of extracellular arylsulphatases in the soil. Arylsulphatase activity 
is affected by anthropogenic factors like heavy metals (Renella et al., 2004; Lorenz et al., 
2006; Bhattacharyya et al., 2008; Cardelli et al., 2009) and organic pollution (Rao et al., 2006). 
Gianfreda and colleagues (2005), in non-cultivated soils, showed arylsulphatase positive 
correlations with other enzymes activities, as dehydrogenase and urease, and with soil Cu 
and Ni total content. 
There are hardly any bibliographic references related to arylsulphatase activity in 
urban soils. 
In two following works Lorenz and Kandeler (2005, 2006), monitoring biological 
prophile of Stuttgart urban soils, measured the arylsulphatase activity ranging between 0 
and 164 μg p-nitrophenol g-1 dry soil, lower compared to arable and forest soils. Public 
parks and gardens showed the major activities compared to areas close to railways, 
apartment and high population density blocks. The authors have justified these 
differences by putting them into relation with the different contents in bacterial biomass, 
sulfur and water of the monitored soils.  
Finally, a study performed on the roadside topsoils in Van, Turkey with highly 
alkaline pH and low OM content (mean 1.17%), found the arylsulphatase activity ranging 
between 0.38 and 0.74 μg p-nitrophenol g-1 dry soil (mean 0.47 μg p-nitrophenol g-1 dry 
soil) and showed a significative correlation between the enzyme activity and soil organic 
matter as well as alkaline phosphatase and urease activities, while a negative correlation 
was showed with soil total Cr, Mn, and Pb content. Arylsulphatase activity was also 
influenced by the sampling position distance from road (Gulser & Erdogan, 2008). 
    
Alkaline phosphatase (Phosphomonoesterase) 
 
Phosphatases (EC 3.1.3.1) are a group of enzymes that catalyze the hydrolysis of 
organic phosphorus, as esters and anhydrides, and promote their transformations into 
different forms of inorganic phosphorus, assimilable by plants and other livings (Amador 
et al., 1997). In soil ecosystems, these enzymes are showed to play critical roles in P cycles 
(Eivazi & Tabatabai, 1977; Dick & Tabatabai, 1992; Dick et al., 2000). Phosphatases are 
secreted also by plants roots, under conditions of P deficiency, to enhance P solubilization 
and mobilization (Hayes et al., 1999). 
The activity of acid and alkaline phosphatases was found to correlate with natural 
factors like organic matter content (Aon & Colaneri, 2001), pH, that influences the rate of 
synthesis, release and stability of this enzyme in the soil (Eivazi & Tabatabai, 1977; Juma & 
Tabatabai, 1977; Tabatabai, 1994; Taylor et al., 2002; Acosta-Martinez et al., 2007). 
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Phosphomonoestrase activity was found to be influenced also by anthropogenic 
factors as land use and management (Garcia-Gil et al., 2000; Saviozzi et al., 2001; Tejada et 
al., 2006; Marinari et al., 2006; Acosta-Martinez et al., 2008 ), and pollution by heavy metals 
(Lorenz et al., 2006; Bhattacharyya et al., 2008; Cardelli et al., 2009; Khan  et al., 2010) and 
organic contaminants, like hydrocarbons (Baran et al., 2004; Ceccanti et al., 2006; Rao et al., 
2006; Plaza et al., 2010). 
Scarce are the bibliographic references related to phosphomonoesterase activity in 
urban soils. 
In a work examining Naples urban soils biological features in relation to heavy 
metals pollution, phosphatase varied largely in relation to distance from roads of different 
traffic density, ranging between 63.8 and 7.1 mg p-nitrophenol g-1 organic h-1. The 
enzymatic activity declined exponentially with increasing heavy metals concentrations 
(Castaldi et al., 2004). 
Large differences have been found among phosphatase activity urban sites of 
different land use in Stuttgart, Germany: the enzyme ranged between 0.66 and 3.87 g 
phenol kg-1 h-1, the latter value being distinctively higher compared to surrounding arable 
and grassland soils. The highest phosphatasic activities were found in public parks, while 
extremely lowest in railway areas. Differences among sites and changes with depth could 
mainly be explained by differences in soil microbial C, with which correlation was 
significant and strongly positive (Lorenz & Kandeler, 2006). 
In a recent study performed on alkaline and poorly organic roadside topsoils of Van, 
Turkey, Gulser and Erdogan (2008) found the alkaline phosphatase activity ranging 
between 10.80 and 60.87 μg p-nitrophenol g-1 dry soil (mean 25.89 μg p-nitrophenol g-1 dry 
soil) and showed a significative correlation between the enzyme activity and soil organic 
matter as well as arylsulphatase and urease activities. Phosphomonoesterase activity was 
also negatively related with soil total content of certain heavy metals, like Cr, Mn, and Pb 
(Gulser & Erdogan, 2008). 
In a research performed on urban forest topsoil profiles in Nanjing, China, correlation 
between physicochemical properties and enzyme activities showed that alkaline 
phosphatase was directly related to soil pH, organic C, and total N (Shan et al., 2008). 
In a study on microbial activities and trace elements in four urban topsoil in the 
Garden of the Royal Palace in Caserta, Italy, different for location and traffic intensity, 
with organic C varying between 50 and 150 mg C g-1 soil, alkaline phosphatase activity 
varied widely among autumn, when it reached its maximum (range 5-11 μmol p-
nitrophenol g-1 dry soil h-1), and spring (range 0.5-1.2 μmol p-nitrophenol g-1 dry soil h-1) 
and showed a significative relation with soil total Cd and organic matter contents (Papa et 
al., 2010).  
 
β-glucosidase 
 
The degradation of cellulose, the most widespread organic compound in the 
biosphere (Russel et al., 2005) is due to cellulolytic microorganisms, provided with a 
complex of hydrolyzing enzymes consisting of endocellulases (endo-β-1,4-glucanase), 
exocellulases, releasing cellobiose, and β-glucosidase (EC 3.2.1.21), which catalyses 
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cellobiose degradation to glucose releasing non-reducing ends sugars (Rapa & Beermann, 
1991). Thus, β-glucosidase activity, decomposing plant debris β-glucosides, plays a crucial 
role in the C cycle of soils, producing the main energy source for soil microorganisms 
(Ajwa & Tabatabai, 1994; Bandick & Dick, 1999). 
So, β-glucosidase can be used as a soil quality indicator, giving a valuation of the C 
cycle efficiency, and a measure of the soil capacity of stabilizing organic matter (Eivazi & 
Tabatabai, 1988; Bandick & Dick, 1999). β-glucosidase can be used also to assess the effects 
of disturbance on the soil environment, because this enzymatic activity can provide early 
proof of changes in soil organic C metabolism long before they can be measured by other 
routine methods (Dick, 1997; Wick et al., 1998). β-glucosidase enzyme is sensitive to 
changes of soil natural features, like pH (Acosta-Martinez & Tabatabai, 2000; Rodriguez-
Loinaza et al., 2008), and towards the anthropogenic soil changes, like soil management 
practices (Acosta-Martinez and Tabatabai, 2000; Garcia-Gil et al., 2000; Tejada et al., 2006; 
Acosta-Martinez et al., 2008; Lagomarsino et al., 2009; Ma et al., 2010), and heavy metal 
(Renella et al., 2004; Cardelli et al., 2009; Li et al., 2009; Lankinen et al., 2011) or organic 
pollution (Ceccanti et al., 2006; Riffaldi et al., 2006). 
Number of studies regarding urban soils β-glucosidase activity is very scarce. 
In a work monitoring soil biomarkers of heavy metals pollution in Naples urban 
soils, β-glucosidase activity was demonstrated to be very low (range 0.23-1.73 mg p-
nitrophenol g-1 organic C h-1), except in the Botanical Garden where it reached the value of 
9.62 mg p-nitrophenol g-1 organic C h-1 varying in relation to distance from roads of 
different traffic density. β-glucosidase appeared to decline more rapidly and to respond 
more quickly to increasing soil metal concentration than the other examined enzymatic 
activities. (Castaldi et al., 2004).  
In a study investigating about influence of trace elements on microbial activities,  
performed on Caserta urban topsoil, β-glucosidase activity varied widely between 
autumn, when it reached its maximum (range 6-11 μmol p-nitrophenol g-1 dry soil h-1), and 
spring (range 1-2 μmol p-nitrophenol g-1 dry soil h-1), and was demonstrated to be 
influenced by soil total Cd and organic matter contents, and by site location and traffic 
intensity (Papa et al., 2010). 
 
Protease 
 
The majority of the soil total N is in the organic form (Foth & Ellis, 1997), 40% of 
which is believed to be in the proteic form as proteins, glycoproteins, peptides and amino 
acids (Schulten & Schnitzer, 1998). In living organisms almost all organic N is in the 
proteic form (Kögel-Knaber, 2006) which then constitutes the majority of the nitrogenous 
substance of plant, animal and microbial debris. These substances are hydrolyzed to 
peptides and amino acids by extracellular proteases, produced by numerous species of 
bacteria, fungi and actinomycetes (Kumar & Takagi, 1999). 
Proteases (EC 3.4.2.21-24) in soil are generally associated with inorganic and organic 
colloids (Nannipieri et al., 1996); their secretion is induced by the presence of their specific 
substrates or shortage of soil C, N and S, and repressed by NH4+ and easily metabolizable 
sources of C (Kalisz, 1988). Protease activity was showed to be correlated with ATP 
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content, CO2 mineralization and bacterial biomass (Asmar et al., 1992). Furthermore, the 
depolimerization due to protease becomes the crucial process in soil N cycle when organic 
N  is taken up by plants not only in mineral form, but also as simple organic molecules 
without being completely mineralized first (Schimel & Bennett, 2004). In soil, the protease 
level affects the degradation rate of proteins , thus demonstrating that the degradation rate 
of these organic materials is not only a function of environmental conditions and substrate 
quality, as assumed in most decomposition models, but also of extracellular enzyme 
activity (Schimel & Weintraub, 2003; Geisseler & Horwath, 2008). 
Finally, soil protease activity is affected by natural several natural and anthropogenic 
factors. For example, it has been shown to be influenced by several original soil features 
(Li et al., 2002; Gonzalez et al., 2007; Mrkonjic-Fuka et al., 2008), or by man-originated 
disturbances, like land use and management (Saviozzi et al., 2001; Riffaldi et al., 2002; 
Tejada et al., 2006; Marinari et al., 2006), and anthropogenic input of heavy metals (Renella 
et al., 2004; Lorenz et al., 2006), and organic pollutants (Baran et al., 2004; Ceccanti et al., 
2006). 
In literature, poor is the number of studies regarding urban soils protease activity. 
In a work monitoring the relationships between heavy metals and enzymatic 
activities in Naples urban soils, protease activity was demonstrated to vary, in all sites, in 
a relatively low interval ranging between 0.76-3.71 mg NH4+ g-1 organic C h-1), and was 
considered a poor indicator of urban pollution because its low correlation with different 
heavy metals contents (Castaldi et al., 2004).  
Also in a study monitoring influence of trace elements on microbial activities,  
conducted in Caserta urban topsoils, protease activity variation among sites was scarce 
even if a difference between autumn, when it reached its maximum (range 0.15-0.25 μmol 
tyrosine g-1 dry soil h-1), and spring (range 0.05-0,10 μmol tyrosine g-1 dry soil h-1), was 
noted. The enzyme was demonstrated to be influenced by soil total Cd, Cu and Pb, and by 
organic matter contents (Papa et al., 2010). 
In a research regarding effect of soil sealing on the microbial biomass, N 
transformation and related enzyme activities in urban area of Beijing, China, Zhao et al. 
(2012) have found that soil protease activity ranged from 1.97 to 3.45 mg product g−1 soil 24 
h−1. The enzyme wasn’t influenced by land cover types, had negative effects on net 
potential N mineralization and positive effects on net potential N nitrification. Finally, 
protease was not depressed by soil sealing and showed a negative correlation with soil 
organic C and microbial N. 
    
Lipase 
 
The soil receives a considerable amount of lipid substances, either of natural origin, 
such as plant, animal and microbial components, or of anthropogenic origin such as 
pesticide emulsions and oil spills. Lipids enter soil mainly in the form of triacylglycerols, 
the main fat storage form in plant and animal tissues. The first step of lipids degradation 
in soil is promoted by lipases (glycerol ester hydrolases, EC 3.1.1.3): enzymes acting on the 
carboxyl ester bonds of acylglycerols to deliver fatty acids and glycerin. Lipases are 
showed to be produced by a large variety of microorganisms, plants and animals (Jaeger et 
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al., 1994). Lipase activity has recently been demonstrated a reliable tool to monitor oil 
biodegradation in contaminated soils. (Margesin et al., 1999). In these soils, the residual 
hydrocarbon content correlated negatively with soil lipase activity in naturally attenuated 
(unfertilized) as well as in bioremediated (fertilized) soil. (Margesin et al., 2000 ; 2002). Soil 
lipases are shown to be sensitive to natural factors, such as climate and litter chemical 
composition (Alarcon-Gutierrez  et al., 2009) and to anthropogenic disturbances, such as 
land use and management (Saviozzi et al., 2007) and crude- and diesel-oil pollution 
(Riffaldi et al., 2006; Ugochukwu et al., 2008). No work concerning the monitoring of lipase 
activity in urban soils was found in literature.  
 
Urease 
 
Urease (EC 3.5.1.5) is an enzyme involved in the hydrolysis of urea to carbon dioxide 
and ammonia, acting on carbon–nitrogen bond other than peptide linkage (Bremner & 
Mulvaney 1978). This causes a net loss of N, through its volatilization (Simpson et al., 
1984), and a rise in soil pH (Andrews et al., 1989). Soil urease can be produced both by 
plants (Polacco, 1977) and microorganisms, where it was found as intra- and extra-cellular 
enzyme (Mulvaney & Bremner, 1981; Mobley & Hausinger, 1989). The stability of urease 
in soil system is mainly due to its union with organo-mineral compounds that make the 
association less thermo labile and more resistant to soil proteolytic organisms (Burns, 
1986) that, otherwise, would degrade it rapidly (Zantua & Bremner, 1977). This suggests 
that a considerable fraction of soil urease activity is carried out by extracellular enzymes, 
stabilized by immobilization on organic and mineral soil colloids. 
Urease was demonstrated to be influenced by soil natural features, like organic 
matter content or pH (Rodriguez-Loinaza et al., 2008; Zhan et al., 2010), and by 
anthropogenic factors, like soil management practices (Saviozzi et al., 2001; Tejada et al., 
2006; Gonzalez et al., 2007), heavy metal (Kizilkaya et al., 2004; Lorenz et al., 2006; 
Chaperon & Sauveé, 2007; Bhattacharyya et al., 2008; Cardelli et al., 2009; Khan et al., 2010) 
and organic pollution (Baran et al., 2004; Wyszkowska et al., 2006). 
Urease activity in urban soils has been extensively studied. 
In Italy, in a work monitoring the heavy metals influence towards enzymatic 
activities in Naples urban soils, urease activity varied, among sites, in an interval ranging 
between 0.22 and 4.89 mg NH4+ g-1 organic C h-1), and had no correlation with soil total 
load of metals and with soil organic C content (Castaldi et al., 2004). 
In Germany, two later works of Lorenz and Kandeler (2005, 2006) monitored 
microbial biomass and enzymatic activities of Stuttgart urban soils, showing the topsoil 
urease activity varying between 21 and 156 mg NH4+ kg-1 dry soil h-1, registering a lower 
value in railways areas and higher in public parks and garden areas. Urease activity was 
demonstrated to correlate with soil total N but not with microbial biomass, and was 
shown to be higher than the activity of surrounding natural soils and to decrease with soil 
depth.  
In Turkey, the monitoring of the effects of heavy metal pollution on enzyme activities 
of roadside topsoils in the city of Van, Gulser and Erdogan (2008) found the urease activity 
ranging between 5.86 and 31.81 mg NH4+ kg-1 dry soil h-1 (mean 12.63 mg NH4+ kg-1 dry soil 
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h-1) and showed a positive correlation between the enzyme activity and soil organic matter 
as well as respiration, arylsulphatase and alkaline phosphatase activities. Urease related 
negatively, although in a non-strong way, with soil total content of certain heavy metals, 
like Cr, Mn, and Pb (Gulser & Erdogan, 2008). 
Several experiences on urban soils enzymatic activities have been recently performed 
in China. Zhang et al., 2006 monitoring soil quality changes in land degradation as 
indicated by microbiological properties in a karts area of southwest Guizhou, showed high 
urease activity in native urban forest (34 mg NH4+ kg-1 dry soil h-1), and a low one in 
cultivated fields and abandoned areas (respectively 7 and 6 mg NH4+ kg-1 dry soil h-1), 
suggesting that cultivation and vegetation decline had depressed that enzyme activity. 
Shi and colleagues (2008), monitoring enzyme activities of urban soils under different 
land use in Shenzhen City, China, showed a mean of soil urease of just beyond 14 mg 
NH4+ kg-1 dry soil h-1. This enzymatic activity was positively correlated with N 
mineralization and nitrification. Urease was also impacted by soil organic matter content, 
while soil available P, pH and EC had no effect on this enzymatic activity, as well as soil 
land use type. The activities of urease and nitrate reductase, in a research regarding effect 
of soil sealing on microbial biomass and enzymatic activities in urban area of Beijing, 
China, Zhao et al. (2012) found that soil urease ranged from 0.05 to 1.29 mg product g−1 soil 
24 h−1, monitoring the highest value in an urban forest soil. The enzyme wasn’t influenced 
by land cover types, had negative effects on net potential N mineralization and positive 
effects on net potential N nitrification. Finally, urease activity was shown to be affected by 
SOM, soil total N, microbial C, microbial N, pH and C/N ratio. 
 
Table 1.6 
Summary of main characteristics of the soil enzymatic activities monitored in this work 
Name EC number Type Cycle Substrate(s) Product(s) 
Dehydrogenase 1.1.1.1 Oxydative  
Oxidizable 
substances 
Reducing 
substances 
Catalase 1.11.1.6 Oxydative  H2O2 H2O + O2 
Arylsulphatase 3.1.6.1 Hydrolytic S S-O bond in aromatic sulphate esters Inorganic S 
Phosphomonoesterase 
Alkaline phosphatase 
3.1.3.1 Hydrolytic P P esters and anhydrides Inorganic P 
Lipase 3.1.1.3 Hydrolytic C Carboxyl ester bond of acylglycerols 
Fatty acids + 
glycerin 
Urease 3.5.1.5 Hydrolytic N Urea C-N bond  CO2 + H2O 
Protease 3.4.2.21-24 Hydrolytic N Protein peptide bond Peptides and amino acids 
β-glucosidase 3.2.1.21 Hydrolytic C Cellobiose Glucose 
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Antioxidative capacity and phenolic substances 
 
Antioxidants molecules terminate the chain reaction of damaging free radical 
formation by being transformed into unreactive, stable free radicals, and thereby control 
oxidation processes (Halliwell & Gutteridge, 2007). Recently, soils were shown to contain 
plant-derived and newly synthesized antioxidants (Rimmer & Smith, 2009), that were 
hypothesized to considerably decelerate the oxidative decomposition of soil organic 
matter. This effect is explained probably by the antioxidant activity of the phenolic 
compounds in soil organic matter and in associated plant materials that are able to slow 
down the rate of oxidation therefore reducing the rate of breakdown in more labile and 
easily degradable fractions (Rimmer, 2006). In recent years, soil testing has been developed 
including measurement of the total antioxidant capacity: a widely used assay taken from 
food analysis, the Trolox equivalent antioxidant capacity (TEAC) (Re et al., 1999), was 
applied to soils by Rimmer and Smith (2009), who found NaOH to be the best effective soil 
antioxidant extractant. Previously, NaOH had been used by Martens (2002) for extracting 
phenolic acids from soils, and some of the compounds extracted have been shown to have  
antioxidant properties (Kim & Lee, 2004). Antioxidant substances present in soil can affect 
its biological activity, redox reactions and interactions with taking place in the rhizosphere 
(Rimmer, 2006; Schepetkin et al., 2002). Unlike in the past, antioxidative processes are now 
considered relevant in soil organic matter stabilization, which was defined as mechanisms 
that drive to prolonged turnover times and was explained by three other processes: 
binding to soil minerals and metals, chemical recalcitrance, and spatial inaccessibility 
(Kögel-Knabner et al., 2008). Soil antioxidant capacity depends on a variety of factors: the 
type of soil and content of organic compounds in it, especially of humus, play a crucial 
role, having been demonstrated a positive correlation between the two parameters 
(Rimmer, 2006). Other influencing factors are microbiological activity, and also the species 
of cultivated plant. In fact, through different chemical composition of root exudates, plants 
can stimulate or inhibit the development and activity of soil microflora, and thus the total 
antioxidant capacity of soils (Skwaryło-Bednarz & Krzepiłko, 2009). There are several 
classes of chemical compounds in plants which are potential antioxidants and which could 
be moved into the soil. For instance, polyphenols, tannins as well as flavonoids have 
antioxidant effects (Rice-Evans et al., 1996; Hagerman et al., 1998). These substances also 
seem to have an impact on soil management, as reported by Zibilske and Bradford (2007), 
who showed that the slowing of organic carbon mineralization and the consequent 
accumulation of soil organic matter could be stimulated by using cover crops with higher 
phenol content. Rimmer and Smith (2009) and Rimmer and Abbott (2011) demonstrated 
that the amounts of antioxidants vary according to soil type, reflecting soil water-soluble 
organic carbon and total organic C contents. Furthermore, it is known from 
pharmaceutical studies that microbial activity is inhibited by isoprenoid plant compounds 
like terpenoids (Dickson et al., 2007). In addition to this, all chemical compounds suspected 
to be antioxidative have already been detected in soils and in potential precursors of soil 
organic matter (Schlichting & Leinweber, 2009).  
Researches regarding the antioxidant activity and/or the content of phenolics of 
urban soils have not been found in literature. Existing research is related mostly to 
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cultivated soils. The oldest of this showed a higher antioxidant capacity in agricultural 
fertilized soil in Poland than in unfertilized ones, although this activity was often not 
correlated with the antioxidant capacity of the leaves of Amaranthus plants grown on same 
soils (Skwaryło-Bednarz & Krzepiłko (2009). In the sandy arable soils of Germany, the 
antioxidative capacity was shown not sufficiently correlated with the mineralization 
activity (Heumann et al., 2011), while  Cardelli and colleagues (2012), in a research 
regarding organic matter characteristics, biochemical activity and antioxidant capacity in 
Mediterranean land use systems, observed a close relationship between the amount of 
alkali-soluble phenols and the soil antioxidant capacity. The authors asserted that 
antioxidant capacity appeared to influence the rate of organic C mineralization more than 
the relative contents of the easily mineralizable C pools. These results seem to justify the 
role of phenol compounds as controller of the rate of organic C mineralization. 
The relationship between phenolics in crop residues and soil processes, such as 
residue decomposition, nutrient release from residues and aggregate formation, was 
investigated by Martens (2000, 2002a,b), who established that phenolics were metabolized 
in soil at a much slower rate than the carbohydrates and amino acids. These studies 
suggested that aggregate stability depended initially on microbial decomposition of the 
carbohydrate and amino acid components of the residues, and was subsequently 
strengthened by the interaction with phenolics, such as vanillin or vanillic acid. Other 
studies suggested that there is also a relationship between soil phenolics and land use 
(Mason et al., 2009). Phenolic compounds affect soil processes thanks to their ability to 
form complexes with proteins, their antimicrobial and antioxidant properties. The 
presence of phenolic compounds in soils, particularly tannins, through the formation of 
phenol-protein complexes, reduce the availability of nitrogen (N) and can slow down the 
N cycle in soils (Kraus et al., 2003). Microorganisms have the capability to decompose 
phenolic compounds to their monomers, through deglicosidation of phenolic molecules, 
followed by lignin decomposition. Leaves become a primary substrate for soil 
microorganisms, while woody materials serve as a secondary type of biomass: all these 
substrates play a major role in humus formation (Kefeli et al., 2003). 
 Plant-derived phenolics, in food sciences, are also known to have antimicrobial and 
antioxidant properties (Pereira et al., 2006; Oliveira et al., 2008), in fact, as naturally 
occurring antioxidants, they are used in many manufacturing and storage processes in the 
food industry. 
Large differences were found between the amounts of individual phenolic 
compounds extracted from different soils, which were dependent on the soil type and land 
use and management. This effect will be the result of different plant residues with 
different phenolic compositions being incorporated in the different soils (Rimmer & 
Abbott, 2011). The authors also hypothesized that phenolic compounds would be the most 
important contributors to the soil antioxidant capacity, founding positive correlation 
between the two parameters, suggesting however the presence in the soil extracts of more 
undiscovered antioxidant molecules. Antioxidant capacities were also proportional to the 
soil organic matter content, both in absolute terms, both when the data is C-normalized
Chapter 1 Introduction 
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Urban plant bioindicator 
  
The species Taraxacum officinale Weber ex Wiggers is a member of the Asteraceae 
family, subfamily Cichorioideae, tribe Lactuceae and is found widely distributed in the 
warmer temperate areas of the Northern Hemisphere, occurring in fields, pastures, 
agricultural crops, gardens, parks, roadsides and ruderal sites (Stewart-Wade et al., 2002; 
Schütz et al., 2006); it successfully grows in a wide range of ecological conditions 
(Ermakova, 1990). 
Dandelion is a perennial plant producing a stout taproot, which reaches an average 
length of 15–30 cm. and more. The roots are capable of producing 
new specimens even when the plant is cut at or below the soil 
surface. The large, light to dark green leaves (5–40 cm long) are 
clustered in a rosette at the base of the plant and are deeply 
serrated. The flowering stalks are upstanding, 5–40 cm long and 
carrying a solitary, terminal inflorescence. On average, each plant is 
developing 5–10 flowers. The florescence ranges from 7 to 15 mm in 
diameter and is composed of 140–400 yellow, ligulate florets. The 
fruits are conical achenes, brown and crowned by a white, hairy pappus, which allows the 
seeds to be disseminated by wind (Schütz et al., 2006). 
Dandelion (root, leaves, flowers or the whole plant), harvested while or before 
flowering, from both wild and cultivated plants, is used in medicine thanks to its several 
healthy properties: among them one of the most important appears to be the antioxidant 
activity (Schütz et al., 2006; Bylka et al. 2010; European Medicines Agency, 2011). 
The abundance and wide distribution of Taraxacum officinale Web. at different 
latitudes and altitudes, makes this species a potential candidate as a biological monitor of 
anthropogenic pollution. Furthermore, the plant commonly grows in different ecosystems 
with relatively parallel stages of ontogenesis over a broad area of geographical regions, is 
easily recognizable and its leaves and roots are easily accessible for sampling (Kabata-
Pendias & Dudka, 1991). Moreover, a weed species like Taraxacum, that is ubiquitous in 
nature, is considered a good indicator to compare features of different land use areas 
(Marr et al., 1999; Kabata-Pendias, 2001). 
From examination to literature, there are three sections of the metabolism of this 
bioindicator that are meaningful to be investigated with regard to situations of possible 
environmental pollution: the accumulation of pollutants in the plant tissues, the 
antioxidant system, and the photosynthetic mechanism.  
 
Pollutant accumulation in the plant tissue 
 
When plants assimilate phytotoxic amounts of metals, growth usually becomes 
inhibited and consequently biomass production decreases. Trace metal pollutants entering 
plant tissues are active in metabolic processes, but can also be stored as inactive 
compounds in cell walls; therefore they may affect the chemical composition of plants 
without causing injury (Kabata-Pendias, 2001). As a result of the possible presence of toxic 
concentrations without physical changes to the plant, it is important to determine if 
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concentrations in plant tissues are within acceptable levels for human or environmental 
health. 
For a long time the dandelion has been proposed as a good boindicator for heavy 
metals pollution situations (Kuleff & Djingova, 1984): As, Cd, Cr, Hg, Sb, Se, and Zn, 
measured in the plant leaves, showed an accumulation that corresponded to the extent of 
environmental pollution. Similarly, in other previous studies, the concentration of many 
heavy metals including Cd, Cu, Mn, Pb and Zn in the leaves of dandelion has been 
correlated with local environmental pollution (Djingova et al., 1986; Djingova &, Kuleff, 
1993). 
In another study carried out in Poland on dandelion plants collected in different 
geographical areas of the country, differences were found in heavy metals content of the 
aerial and radical part of the bioindicator. Means contents, referred to dry weight, were, 
respectively: for Cd 0.85-0.52 mg kg-1; for Cr 0.99-0.81 mg kg-1; for Cu 11.2-11.1 mg kg-1; for 
Mn 59.7-51.4 mg kg-1; for Ni 2.1-1.5 mg kg-1; for Pb 4.4-3.0 mg kg-1, and for Zn 49.6-41.3 mg 
kg-1 (Kabata-Pendias & Dudka, 1991). 
A later experience, in Taraxacum plants grown in a Cd-enriched nutrient solution, has 
been shown a roots higher Cd content than shoots and an inverse correlation between 
chlorophyll and Cd concentrations in shoots (Simon et al., 1996). 
In dandelion leaves, collected in Montreal urban soils during spring, were found Cu 
mean contents of 4-10 mg kg-1; Mn of 30 mg kg-1; Pb of 6 mg kg-1, Zn of 35-95 mg kg-1, being 
tissues metal concentrations however not correlated with soil concentrations  (Marr et al., 
1999). 
In more recent experiments (Winter et al., 2000), in dandelion plants collected from 
urban soils in Poland, Romania and Germany, washed leaf content of As, Cd, Cu, Mn, Ni, 
and Zn showed a direct correlation with ion pool of the element present in the soil. The 
mean content of Cd, Cu, Ni, Pb, and Zn in the dandelion leaves was consistently lower 
than that in its roots. 
Czarnowska & Milewska (2000) have found in the leaves of Taraxacum officinale Web., 
collected in April at different distances from the streets of Warsaw (Poland),  contents of 
Manganese of 13-58 mg kg-1; Zn of 29-203 mg kg-1; Cu of 10-19 mg kg-1; Pb of 4-11 mg kg-1; 
Ni of 2-3 mg kg-1, and Cd of 1,4-0,7 mg kg-1, noting the higher contents in plants growing 
in lawns adjacent to roads. 
Trace metals, determined in wild growing plants from 29 American sites, 
differentially impacted by pollution, reached, in the whole plant, a wide range of mean 
concentrations (mg kg-1): Cd 0.55-3.11, Cr 2.83-61.72, Cu 2.10-58.41, Fe 61-3916, Mn 21.70-
276.95, Ni 2.15-38.02, Pb 0.50-45.00, and Zn 18.60-261.40 (Keane et al., 2001). 
Other research results indicate that, in heavy metals non-excessively contaminated 
agricultural lands, the dandelion root might be a good indicator of the metal level of the 
soil, in particular for Pb and Zn (Królak, 2001). 
Baranowska and colleagues (2002) found in whole plants of dandelion, collected in 
April in Poland in various areas (including railway stations and highways) Pb content 
ranging from 4 to 73 mg kg-1, Cd from 0.05 to 1.16 mg kg-1, Ni from 1.3 to 3.8 mg kg-1, and 
Zn from 19 to 273 mg kg-1. These results show that the amount of various elements 
increased significantly in the most heavily anthropized areas. 
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In a later study, in samples from 13 Polish sites, at different contamination levels, 
were determined contents of Cd ranging from 0.04 to 0.27 mg kg-1, Cu from 1.5 to 8.7 mg 
kg-1, Pb from 3.3 to 175.3 mg kg-1, and Zn from 7.9 to 103.6 mg kg-1. The author found out 
that the accumulation of Zn and Cu by dandelion decreased with the increase of the soil 
concentration, but not in the case of Pb and Cd (Królak, 2003). 
Another work w carried out in sites located along two high traffic roads in Poznań 
(Poland) to assess heavy metals (Zn, Cu, Pb, Cd and Ni) bioavailability confirmed as 
Taraxacum officinale was an excellent bioindicator. It showed this peculiar characteristic 
especially if collected in May. In the whole plant tissues were found values of 27.4 mg/kg-1 
with regard to the Zn, of 10.1 mg/kg-1 for Cu, of 4.0 mg/kg-1 for Pb, of 1.0 mg/kg-1 for Cd, 
and of 2.9 mg/kg-1 for Ni (Diatta et al., 2003). 
Root system as well as leaves of Taraxacum officinale plants, collected from soils near 
roads in Szczecin (Poland), confirmed that this bioindicator accumulate substantial 
amounts of Cd, Pb, Zn, and Cu, showing that root system fulfilled the role of good 
biomonitor of soil pollution by heavy metals (Niedźwiecki et al., 2004). 
On the other hand, other studies did not demonstrate a significant linear relationship 
between amount of heavy metals in dandelion tissues and soil (Kabata-Pendias & Dudka, 
1991; Cook et al., 1994; Marr et al., 1999). A similar conclusion was also reached by Rosselli 
et al. (2005) in a work performed on a Swiss ancient landfill polluted by heavy metals: the 
concentration of the elements in the dandelion tissues did not depend on the metal 
concentration in the soil: control values did not differ from those of the contaminated areas 
and were 0.05 mg/kg-1 for Cd, 12 mg/kg-1 for Cu, and 44 mg/kg-1 for Zn. 
This different behavior could also be observed in dandelion plants sampled from a 
railway yard in Montreal, Canada, to illustrate the metal availability to indigenous plant 
species by Ge et al. (2002). The authors discovered that, in some cases, the concentrations 
found in plant tissues were significantly related to soil metals, as shown for Cd and Zn in 
plants leaves and roots and for Ni in root tissues. However, the remaining metal 
concentrations in leaves and roots for dandelion did not directly relate to the 
concentrations found in soil, as shown for Cu in leaves and roots. Even though the metal 
contamination of the soil was considerably high, most of the bioassay results suggested a 
lack of dramatic effects. 
In a recent study on bioavailability of potentially toxic elements in dandelion 
(Mossop et al., 2009), copper and lead concentrations in roots and leaves, and zinc 
concentrations in leaves, were all found to be positively correlated with the concentrations 
of the labile form of respective metals in the BCR extract of soils, while the other analites 
did not show any significant relationships. The sum of the acid-exchangeable, reducible 
and oxidisable fractions was considered by these authors a poor indicator of plant-
availability. 
On the other hand, more recently, Gjorgieva et al, (2011) in a study conducted to 
assess heavy metals pollution in Macedonia soils, classified Taraxacum officinale as a metal 
accumulator. They found in leaves and roots of plants collected in an industrial area, 
respectively 60 and 40 mg/kg-1  of Mn, 40 and 80 mg/kg-1  of Pb, 130 and 125 mg/kg-1  of Zn, 
10 and 13 mg/kg-1  of Cu, 8 and 6 mg/kg-1  of Cd, and 3 and 5 mg/kg-1  of Ni. 
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Antioxidant system 
 
Antioxidant capacity, phenolic substances and metal chelating capacity 
 
Oxidative stress appears to play a key role in mediating the relationships between 
environmental and endogenous factors. This is often caused by the presence in organisms 
of free radicals, substances that lead to oxidative damage through the production of 
reactive oxygen species (ROS). ROS are highly reactive oxidant molecules that are also 
generated through regular endogenous metabolic activity. Although ROS at low 
concentrations play a key role as intracellular messengers of different physiological, 
biochemical and molecular events, including cell proliferation and apoptosis, the 
production of large amounts of ROS is considered cytotoxic and related to several 
disorders. Moreover, ROS alterate cell membranes integrity, starting the peroxidation 
process of cell membrane lipids (Halliwel & Gutteridge, 1984). Oxidative load can affect 
many important biomolecules, mostly lipids, carbohydrates and proteins (Hinneburg et al., 
2006). As a consequence, the balance between antioxidative and oxidative role of ROS is 
considered to be a critical concept for maintaining a healthy biological system (Davies, 
2000). Antioxidants are protective agents that quench ROS, thus counteracting or 
preventing oxidative damage. Consequently, the antioxidant compounds may play a 
major role in the prevention of organisms’ diseases, such as the ones caused by cellular 
aging and mutagenesis. However it should be noticed that these molecules can also 
display prooxidant activities, leading to oxidative damage of cellular components (Papetti 
et al., 2002; Hu & Kitts, 2003). 
Many herbaceous plants, including the dandelion, have been used in folk medicine 
due to their beneficial pharmacological and clinical effects, closely related to their 
antioxidant activities (European Medicines Agency, 2011). From this point of view, the 
dandelion improves the function of the liver, pancreas, and stomach, due to the presence 
of important biologically active components as sesquiterpenic lactones, biotin, inositol, 
and vitamins B, C, D, E, and P. The leaves have a higher content of β-carotene, along with 
other macro- and microelements, while phenolics content in the whole plant is relatively 
low (Hudec et al. 2007). 
Dandelion leaf extract has shown stronger hydrogen peroxide scavenging activity 
compared with the root extract because of its high polyphenol content (Schutz et al., 2006). 
In another study, dandelion flower extracts scavenged ROS and prevented DNA ROS-
induced damage in vitro. Dandelion’s suppression of oxidative load has been attributed to 
luteolin and luteolin-7-O-glucoside (Hu & Kitts, 2004). 
Hudec et al., (2007) found in extracts of the dandelion plant, sampling at the stage of 
flowering, a low antioxidant activity of flowers, probably because mostly of their 
phenolics were bound with other compounds, in particular polyamines. The authors 
demonstrated that roots had the highest radical scavenging activity. As to phenolics, they 
found anthocyanins as the major dandelion phenolic compounds and showed that total 
phenolic contents had a close relationship with antiradical activity, supporting the notion 
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that these substances act through an electron transfer mechanism and that their content 
reflects the reducing capacity of the antioxidatively affecting source. 
Hagymási and colleagues (2000a), measuring in vitro antioxidant power of Taraxacum 
water extracts from leaves and roots, found that aerial part showed considerably highest 
hydrogen-donor power, more effective membrane protection, and polyphenol and 
flavonoid contents. In another experiment on the same species, the authors confirmed 
antioxidant properties of leaves and roots extract and attributed it to the presence of 
polyphenols and flavonoids finding that the higher hydrogen donor, reducing agent and 
hydrogenperoxide scavenger capability of the leaf extract correlated with the 
approximately three times higher polyphenol content compared to radix extract 
(Hagymási et al., 2000b). 
Other results (Hu & Kitts, 2005b) showed that the dandelion flower extract possessed 
marked antioxidant activity attributable to the ability of phenolic compounds to inhibit 
ROS. Furthermore, another work concerning the anti-inflammatory activity of Taraxacum 
officinale showed the ability of ethanol extract of the whole plant to directly scavenge the 
DPPH radical in a concentration-dependent manner (Jeon et al., 2008). Also Lee et al., 
(2005) reported a higher antioxidant capacity of methanolic extracts of leaves as compared 
to roots extracts of three different dandelion species.  
The presence of a remarkable antioxidant activity in various types of extracts of 
dandelion has been demonstrated in other different works, carried out mostly with 
pharmacological and toxicological purposes (Popovic et al., 2001; Kaurinovic et al., 2003; 
Hu & Kitts, 2005; Jung et al., 2006; Popovic et al., 2008; Choi et al., 2010). 
Several types of phytochemicals constituents were isolated from Taraxacum officinale 
roots: sesquiterpenes, carotenoids (such as lutin and violaxanthin), coumarins (as esculin 
and scolopetin), flavonoids (as many glycosides, quercetin, luteolin, rutin and chrysoeriol), 
sterols (as taraxasterol, sitosterol, stigmatsterol and campesterol), polysaccharides (as 
glucans, mannans and inulin), sesquiterpene lactones (as taraxacin, taraxinic acid, 
lactucopicrin, lactucin, and cichorin), and finally phenolic acids (as chicoric acid and its 
isomer, monocaffeoyltartaric, and then 4-caffeoylquinic, chlorogenic, caffeic, p-coumaric, 
ferulic, p-hydroxybenzoic, protocatechuic, vanillic, syringic and p-hydroxyphenylacetic 
acids, as well as umbelliferone, esculetin, scopoletin, benzyl-O-β-glucopyranoside, 
dihydroconiferin and a mixture of syringin and dihydrosyringin).  (Wolbis et al., 1993; 
Williams et al., 1996; Schütz et al., 2006; Singh et al., 2008; European Medicines Agency, 
2011). 
Phenolics are a class of secondary metabolites widely distributed and very important 
in the relationship between plant and environment. The most common group of plant 
phenolics is the flavonoid family. Flavonoids are subdivided into several groups 
according to their molecular structure: flavonols, flavanols, flavones, isoflavones, and 
anthocyanidins. The other phenolic compounds occurring in plants are non-flavonoid 
compounds such as hydroxycinnamic acids, hydroxybenzoic acids, and stilbenes. Phenolic 
acids are present in plants mostly in the bound form (Hudec et al., 2007). These substances 
are demonstrated to have a pronounced antioxidant activity (Rice-Evans et al., 1997).  
Compared to the roots, the dandelion leaves are characterized by higher polyphenol 
contents (Williams et al. 1996). The most abundant phenolic compounds in the leaves and 
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flowers are hydroxycinnamic acid derivatives, in particular caffeic acid esters such as 
chlorogenic, chicoric and monocaffeoyltartaric acids (Williams et al. 1996; Budzianowski, 
1997). Various flavonoid glycosides such as luteolin 7-O-glucoside were identified in 
dandelion leaves and in a combined leaf and flower extract (Wolbis et al. 1993; Williams et 
al. 1996; Kristó et al., 2002; European Medicines Agency, 2011). Other authors have 
identified in extracts of roots and leaves of dandelion important groups of substances 
recognized by their antioxidant activity: for example Schütz and colleagues (2005) have 
recovered flavonoids and phenolic acids. Among the 43 compounds detected (5 mono- 
and dicaffeoylquinic acids, 5 tartaric acid derivatives, 8 flavone and 8 flavonol glycosides) 
the predominant one was chicoric acid (dicaffeoyltartaric acid). Wojdylo et al. (2007) 
reported in Taraxacum officinale roots very high level of phenolics (12.6 mg gallic acid 
equivalent/100 g dry weight; the most abundant phenolic acid was caffeic acid. With 
regard to the antioxidant capacity, Taraxacum roots revealed a free radical-scavenging 
ability of 213 μM trolox/100g dry weight, the highest one in comparison to all herbaceous 
examined species. In this report, a positive and significant correlation was demonstrated 
between antioxidant activity and total phenolics for Compositæ family, revealing that 
phenolic compounds were the dominant antioxidant components. 
Metal chelating capacity (MCC) of a plant extract points out the ability of plants to 
inactivate the action of potentially harmful metals towards the metabolism. This 
parameter has so far been used in foods or in medicinal plants to determine their quality 
(Du et al., 2009; Bahramikia & Yazdanparast, 2010; Niciforovic et al., 2010). However, it can 
also be considered a good index of the ability of plant bioindicators to react against heavy 
metal pollution, even if we still haven’t found examples of this application as to the 
dandelion or other bioindicators grown on contaminated soils. 
 
Photosynthetic system 
 
Light energy absorbed by chlorophyll in a leaf can undergo three paths: it can be 
used to fast forward the photosynthesis (photochemistry), it can be dissipated as heat or it 
can be reissued as fluorescence. These three processes take place in competition (fig. 1.5).  
 
Fig. 1.5 – Fate of light energy absorbed by chlorophyll during photosynthesis 
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As a consequence, the increase in the efficiency of one will cause a decrease in the 
yield of the others. Therefore, through this tool, information about changes in the 
efficiency of photochemistry and heat dissipation can be collected. Hence, fluorescence of 
chlorophyll a is the one of the most powerful means for probing excitation energy transfer, 
primary photochemistry and electron flow of photosystem II (PSII). Therefore, it provides 
information about the structure, conformation and function of the plant photosynthetic 
apparatus, especially in relation photosystem PSII (Govindje, 1995). 
As a matter of fact, fluorescence measurement provides a useful measure of the 
photosynthetic performance of plants: in particular it can provide information regarding 
the ability of the plant to tolerate environmental stresses and the extent to which those 
stresses have damaged the photosynthetic apparatus. Measurement made over diurnal 
course can yield information pertaining to non-photochemical quenching, electron 
transport rates, quantum efficiency, and the extent of photoinibition in response to 
environmental factors or stresses (Bilger et al., 1995). A decrease in the ratio variable 
fluorescence/maximal fluorescence in dark-adapted (FV/FM) and light conditioned leaves 
(ΦPSII) indicates variations in photochemical efficiency of photosystem II (PSII), then the 
occurrence of photoinibitory damage (Demmig-Adams et al., 1995; Maxwell & Johnson, 
2000). Another parameter, the photochemical quenching (qP) provides an indication of the 
proportion of PSII reaction centers that are located in an open state (Maxwell & Johnson, 
2000), while non-photochemical quenching (qNP) of chlorophyll fluorescence is not due to 
the PSII photochemistry but to dissipation such as heat, state transition I-II and 
photoinhibition (Maxwell & Johnson 2000). 
The physiological state of a plant species can be assessed by quantifying the 
fluorescence emission of chlorophyll a through the calculation of the ratio FV/FM, 
corresponding to the maximum quantum efficiency of photosystem II (Strasser et al., 2007). 
In a healthy dark-adapted plant FV/FM value ranges between 0.78 and 0.86 (Björkman & 
Demmig, 1987), whereas in severe stress conditions, such as HM pollution (Pagliano et al., 
2006), drought (Bigras, 2005), salinity (Gamalero et al., 2009) or ozone exposure (Guidi et 
al., 2000), a reduction in its value has been observed.  
It is well known that heavy metals change the chlorophyll fluorescence yield and 
content of photosynthetic pigments representing sensitive indicators of environmental 
stress (Lichtenthaler & Miehe, 1997). In a recent and interesting survey (Massa et al. 2010) 
carried out with the aim of characterizing heavy metals accumulating ability by 
autochthonous plants grown in an Italian multi-contaminated site, the most widely and 
evenly distributed species were considered more tolerant to heavy metals stress. Despite 
considerable soil contamination, most of the examined species showed a good 
photosynthetic efficiency, typical of healthy plants; three (Cr, Co and As) out of the 
examined 11 heavy metals were not accumulated in any plants species, although their 
concentration in soil was higher than the guideline values, suggesting a low bioavailability 
or an exclusion of these metals. Also Taraxacum officinale L. was widely found in the site 
and its heavy metals content is reported in the table 1.17 dandelion showed the tendency 
to accumulate only Mn and Zn; the content of these heavy metals was in fact higher in 
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leaves than in roots. The photochemical PSII efficiency (FV/FM ratio) of the specimens was 
about 0.800, within the characteristic range of well-being plants. 
 
Table 1.7 - Heavy metal content in shoots and roots of Taraxacum officinalis collected from a 
multicontaminate site (Massa et al., 2010) 
mg kg-1 Cr Fe Mn Ni Cu Zn As Cd Hg Pb 
Shoots 1.2 146.4 49.6 1.8 12.7 142.7 0.1 0.2 0.4 0.9 
Roots 2.5 322.6 23.0 4.2 19.8 55.6 0.3 0.1 0.5 0.7 
 
Also photosynthetic pigments (chlorophyll a, chlorophyll b, carotenoids) content in a 
plant can be considered a sign of its health, being adversely affected by various biotic and 
abiotic stresses, like water or nutritional deficiencies, pathogenic attacks, pollution, etc 
(Demming-Adams et al., 1995; Canas et al., 1997; Gautam et al., 2008). 
A study aiming at monitoring heavy metals uptake by dandelion from soil-like 
materials collected in urban run-off in the town of Pisa, and therefore, the possible 
alteration of some of physiological parameters of the plant, in order to understand the 
mechanism of its stress adaptation, was performed by Bretzel et al. (2009). The authors 
showed that the total values of Pb and Zn in the run-off suspensions exceeded the limits 
for residential areas respectively in two and all three sites, while, in dandelion seedlings, 
grown on the soil run-off material in floating cultivation, phenolic compounds and 
antioxidant power were higher compared to the control only in one case, and, finally, the 
chlorophylls content was lower in all the run-off samples. 
In the past, the dandelion has already been used for urban pollution monitoring by 
using chlorophyll fluorescence and other photosynthetic parameters, although the number 
of works on the subject is quite low (Lanaras et al., 1994; Sgardelis et al., 1994; Cook et al., 
1995). Therefore, according to these authors, the results showed that chlorophyll 
fluorescence of intact plants can be successfully used for screening urban pollution in the 
field or after transfer of the plants into the laboratory. 
In particular, Lanaras and colleagues (1994) investigated the stress imposed on 
Taraxacum officinale L. by urban pollution of Thessaloniki (Greece), measuring in pre-dawn 
chlorophyll fluorescence parameters and leaf chlorophyll concentration. They found that 
chlorophyll amount changed independently of pollution levels, while FV/FM did not show 
any significant variation in relation to contamination. On the contrary, there was a good 
relationship between dandelion chlorophyll fluorescence values Fo, Fm and variable 
fluorescence half-rise time from Fo to Fm, and the concentration of air pollutants. 
In a research simultaneous to the previous one and held in the same city, Sgardelis 
and collaborators measured chlorophyll-α fluorescence induction kinetics of dark-adapted 
leaves of Taraxacum spp. and Sonchus spp. from areas of diverse levels of urban pollution. 
In plants from the polluted areas they observed significant increases in the minimal (Fo) 
and maximal (Fm) fluorescence. A significant linear relationhip between the fluorescence 
parameters of Sonchus spp. and Taraxacum spp. indicates that both species exhibited the 
same changes in their chlorophyll fluorescence patterns in response to the pollution 
gradient. The ratio of Fm/Fo had a mean value of 5.2±0.24 for Taraxacum spp. and 4.9±0.23 
Sonchus spp. No significant variation in the ratio of variable to maximal fluorescence 
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(FV/FM) was observed, indicating that the efficiency of the primary photochemistry of 
photosystem II was not directly affected by pollution level. Furthermore, were detected 
high concentrations of Pb, Zn and Cu in the soil and plant tissues in areas of higher traffic 
density and air pollution were detected. 
In a work regarding petrochemicals impact on the photosynthesis, the laboratory-
cultured sea grass Halophila ovalis showed tolerance to crude oil exposure. Quantum yield, 
as measured by chlorophyll fluorescence, was the most sensitive measure of the 
photosynthetic processes affected by petrochemicals. The results indicated clearly that 
chlorophyll fluorescence was effective at monitoring the onset and development of stress 
and recovery of H. ovalis when exposed to crude oil. Sea grass photosynthetic pigments 
content confirmed the chlorophyll fluorescence response (Ralph & Burchett, 1997). Totally 
opposed results were obtained by testing the response to pollution with crude oil from the 
sea grass Zostera capricorni in laboratory and in situ experiments (Macinnis-Ng & Ralph, 
2003). In the laboratory experiments, the maximum quantum yields of photosystem II 
(FV/FM) value declined in response to oil exposure and remained low during the monitored 
period. In situ samples were less sensitive than laboratory samples, showing no 
photosynthetic impact due to petrochemicals. Despite an initial decline of photosynthetic 
parameters in situ samples returned to “normality” at the end of the experiment. 
Chlorophyll pigment analysis showed only limited ongoing impact in both laboratory and 
field situations. 
In a recent work, the relationship between internal metal concentration (Cu, Cr, Zn, 
Cd, and Pb) and fluorescence of seven species of green, red and brown macroalgae was 
not always evident and, in particular, was algal species and metal-specific (Baumann et al., 
2009). 
In another experiment carried out on leaves of Cucumis sativus L. subjected to Cu, Cd, 
and Pb toxicity the potential efficiency of photosystem II (FV/FM) was negligible, while the 
metal dependent reduction of PSII quantum efficiency (ΦPSII) was more noticeable. This 
could imply that reduced demand for ATP and NADPH in the dark phase of 
photosynthesis caused a down-regulation of PSII photochemistry. Furthermore, in leaves 
of metal-treated plants the decrease in water percentage as well as lower contents of 
chlorophyll and Fe were observed (Burzyński & Kłobus, 2004).  
In an experiment to assess the anthropogenic stress effect on water hyacinth in Brazil, 
non-photochemical dissipation (qNP) from plants was greater in the most industrialized 
regions. However, FV/FM for all samples ranged between 0.77 and 0.81, showing that high 
maximum quantum yield was maintained. Although the FV/FM suggests that the plants 
exhibited normal photochemical activities, ultra structural changes in chloroplasts, 
examined by transmission electron microscopy, showed thylakoids disorganization. Plants 
from the most industrialized regions showed non-stacking grana thylakoids disposition. 
In spite of these alterations, the membrane integrity was maintained, suggesting an 
adaptation to adjustment to adverse environmental conditions. (Lage-Pinto et al., 2009). 
In an interesting work on the adaptation of Russian dandelion populations to various 
anthropogenic stresses, Antonova and Pozolotina (2007) showed that dandelion 
cenopopulations growing for a long time under conditions of contamination with heavy 
metals, showed an adaptation, evident at morphophysiological level. Mechanisms of 
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adaptation operated on the one hand in order to limit the input of toxic agents in the plant 
organism and detoxify them and on the other hand to repair damages inflicted by these 
agents.  
The morphophysiological adaptation of dandelion populations towards the 
environment heavily altered by high volumes of traffic in Moscow, has been previously 
shown also in another work (Stvolinskaya, 2000). From the obtained results it is evident 
that, although viability of the seeds of plants grown near heavy traffic Moscow highways 
decreased and the number of abnormally developing embryos increased, generative 
plants, as estimated from the size of vegetative organs,  were fairly resistant to motor 
transport  pollution. The large genetic plasticity of dandelion, which allows its adaptation 
to very different environmental conditions, was also verified from Molina-Montenegro et 
al. (2010), comparing chlorophyll fluorescence, flowering time, seed output, and total 
biomass. 
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OBJECTIVES 
 
 
 
 
Aim of this study was the quality monitoring of 31 green areas of Pisa by measuring 
their soil physical, chemical and biological properties and by utilizing a plant bioindicator 
determining its chemical and physiological features. 
The evaluation of the quality of the areas had a double term of comparison:  
 a rural site near S.Rossore-Migliarino-Massaciuccoli Natural Regional Park (latitude 
43°42’48.84N; longitude  10°21’44.47E) was utilized as control; 
 the quantitative limit of Italian Law (DLgs 152/2006) for each substance was utilized as 
reference term. 
The work was conducted in two distinct and subsequent moments: 
During the first phase a lot of quality index parameters were monitored in all 32 sites. 
The characteristics monitored at this stage are shown in table 2.1 in bold type characters. 
During the second phase, in 18 areas in which the measured parameters had 
previously shown the highest levels of environmental criticality, additional analysis were 
performed to get a clearer picture of the situation. The monitored characteristics of the 18 
areas that have shown the greatest environmental problems are reported in table 2.1 in 
italic characters. 
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Table 2.1 
Characteristics monitored during this experience 
SOIL 
Physical features 
Texture Bulk density (BD) Water holding capacity (WHC) 
Chemical features 
General Pollutants 
pH 
Total Petroleum 
Hydrocarbons (TPH) 
Heavy Metals (HM) 
Cr, Cu, Mn, Ni, Pb, Zn 
As, Cd, Hg, Sb, Sn, Sr 
Total content (tot) 
Organic C 
(orgC) 
Cr, Cu, Mn, Ni, Pb, Zn 
Labile form (exch) 
Platinoids (PGEs) 
(total content) 
Reducible form (red) 
CaCO3 
Oxidizable form (oxid) 
Residual form (res) 
Biological features 
General Enzymatic activities 
Community level 
physiological prophyling 
(CLPP) 
Oxidative Hydrolytic 
Respiration Catalase Arylsulphatase 
Antioxidant 
capacity 
NaOH  extr Dehydrogenase Alkaline phosphatase 
H2O extr  ß-glucosidase 
Phenolic 
substances 
NaOH extr  Lipase 
H2O extr  Protease 
  Urease 
BIOINDICATOR TARAXACUM OFFICINALE WEB. 
Photosynthetic system 
Fluorescence features Pigments content 
Fv/Fm QP Chlorophyll a 
PSII yield QnP Chlorophyll b 
ETR  Carotenoids 
Antioxidant system 
Antioxidant capacity 
(DPPH) 
Phenolic substances 
Metal chelating capacity 
(MCC) 
aerial part radical part aerial part radical part aerial part radical part 
Metal content 
Cd, Cr, Cu, Mn, Ni, Pb, Zn 
aerial part radical part 
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SOIL 
 
Soil sampling 
Soil samples were collected at 31 sites around urban areas of the city of Pisa. The 
locations were depicted in figure 3.1. After site description, the herbaceous cover, if 
present, has been removed. At each site, three samples, each formed by 5 sub-samples, 
were randomly collected from the topsoil (depth 0-20 cm). The sub-samples were taken 
within a 2×2 m square, four on the corners of the square and one in the middle. The 
sampling was performed with a stainless steel hand auger and all the soil that was touched 
by the metallic digging tools were carefully eliminated, before soil packing in plastic bags, 
to avoid cross-contamination. The five soil cores of each subsample were mixed to avoid 
local inhomogeneities. For each main sample, a total of 5 kg of soil was taken. In the 
laboratory, the samples were air-dried at room temperature (20 °C), and, after manually 
removing any plant material, as roots and leaves, they were stored at 4°C until analysis. 
 
Figure 3.1 
Sampling points Control site (S.Rossore Park) 
 
Map of the city of Pisa with location of the sampling points 
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Physical features 
 
Texture  
This analysis, with the aim of determining the relative abundance of various particle size 
classes in the soil, is performed using Esenwein levigators, according to the official Italian 
method (Repubblica Italiana, 1999). Briefly, 100 mg of air-dried soil were sieved to 2 mm. 
The amount of soil that remains on the sieve, determined by weighing, is the skeleton, the 
part below the sieve is fine earth. 10 g of fine earth were mixed with 100 ml of deionized 
H2O, 10 ml of a solution of sodium hexametaphosphate and brought to boiling, stirring 
frequently. The mixture was boiled for about 1 hour, then allowed to cool and transferred 
to an Esenwein levigator, where it was then added to 500 ml with deionized H2O. The 
levigator was then plugged, shaken thoroughly and allowed to stand for the time required 
for analysis. After 12 minutes, using the special 3-way stopcock, 10 ml of the mixture were 
collected, and their dry residue of which, which was obtained in an oven to constant 
weight, gives the value of the total of silty and clay fractions and, by difference, even the 
sandy fraction. The remaining liquid was left to rest for the next 20 hours, afterwards 
another 10 ml of the mixture were taken: they have allowed us to calculate the percentage 
of silt. The analysis was carried out at a constant temperature of 20 ° C. The particle size 
analysis data were then interpreted using the triangular coordinate diagram of U.S.D.A. 
that classifies soils into 12 granulometric classes. 
 
Bulk density  
Bulk density is defined as the measure of the weight of soil per unit volume (g/cm3), 
usually given in relation to dry weight. Variations of bulk density are attributable to soil 
porosity and to the relative proportion and specific weight of the solid organic and 
inorganic particles of soil. The bulk density is calculated from mass and volume of 
samples, as suggested by official Italian method (Repubblica Italiana, 1997). The 
determination is usually based on drying and weighing a soil sample, the volume of 
which is known (core method). The soil sample was collected with a corer equipped with a 
steel cylinder of known volume (100 cm3). 
Once collected, the samples were transported into the laboratory where the contents of 
each cylinder was transferred into a previously weighed porcelain crucible. The capsules 
with their contents were put into oven at 105 ° C for 24 hours to remove the water present 
in the samples. In this way was determined the dry weight of carrots, from which the bulk 
density was calculated using the formula: 
 
Bulk Density  ( g ) = Carrot weight cm3 Carrot volume 
 
Water holding capacity  
The maximum water holding capacity (MWHC) of soil is defined as the amount of water 
present in the soil when all its pores are filled and it is fully saturated. MWHC was 
determined by using the method suggested by Naeth et al. (1991), with minus 
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modification. Briefly, a 500g soil sample was saturated with water in a cylinder for 48 
hours, placed on an absorbent membrane until the excess water was drawn away by 
gravity. Once equilibrium was reached, the water holding capacity was calculated on the 
basis of the weight of the water held in the sample vs. the sample dry weight and 
expressed as % by weight of the soil. 
 
 
Chemical features 
 
pH  
Soil pH was measured by potentiometric determination, following the official method 
(Repubblica Italiana, 1999) using the pH meter Micro-pH 2001 Crison (Crison Instruments, 
S.A. – Alella, Barcelona, Spain). Briefly, 25 ml of deionized H2O were added to 10 g of soil, 
previously sieved to 2 mm, considering soil humidity (ratio 1:2.5). The mixture was 
agitated with a glass rod continuously for one minute and then left to rest for half an hour. 
Finally, it was shaken again for a few seconds before reading the samples. 
 
Total carbon 
 
Total carbon was measured by dry combustion with the automatic carbon analyzer FKV 
induction furnace 900 CS (Eltra GmbH - Neuss, Germany) as suggested by Levi-Minzi et 
al. (1990). Briefly, the soil sample (0.5 g) was weighed in a porcelain ship and burned in 
oven in a stream of O2 at a temperature of 1450 °C. Oxygen, at a constant flow of 180 L/h, 
also worked as a carrier gas, bringing the istant burning developed CO2 to an infrared 
detector. The analyzer, who worked at the same wavelength of CO2 absorption, directly 
provided the percentage of carbon present in the soil, based on the weight of the 
introduced sample and the detected concentration of CO2. 
 
Limestone (inorganic carbon)  
CaCO3 content of soil was determined through a gas-volumetric system, according to the 
official method (Repubblica Italiana, 1999) by utilizing Scheibler calcimeter. For this type 
of analysis, 1 g of soil was used and placed in a flask, inside which was also placed HCl 
(1:2), which reacted with the soil lime developing CO2, according to the reaction: 
 CaCO3 + 2 HCl →  H2O + CO2 + CaCl2 
 The total amount of limestone in the soil was calculated in relation to atmospheric 
pressure, laboratory temperature and amount of developed CO2. The results were 
expressed as g CaCO3 / 100 g dry soil. 
 
Organic carbon  
The organic carbon content of soils has been obtained by the difference between total 
carbon and inorganic carbon (limestone) value of the sample. 
 
C org  = C tot -  (% CaCO3 · 
12.011 (a.m. C) 
) 100.0892 (m.m. CaCO3) 
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Total hydrocarbons   
To determine total petroleum hydrocarbons (TPH) soil content, the method developed by 
Platen (1995) was utilized. Briefly, 1,5 g of air dry soil was dehydrated with Na2SO4 and 
then thoroughly mixed with 15 ml of 1,1,2-trichlorotrifluorethane (ClCF2CCl2F) in a dark 
glass vial for 120 min (extraction ratio 1:10) by mechanical agitation. The resulting extracts 
were filtered on Florisil (MgO3Si) columns (Bond Elut Varian; Agilent Technologies Inc. -  
Santa Clara, CA, USA), previously activated with 10 ml of the extracting substance. 
Finally, the CH3 and CH2 groups of TPH extracts, as suggested by Margesin & Schinner 
(1997), were quantitatively determined by utilizing an infrared spectrometer (Perkin Elmer 
1600 IR Spectrometer; Perkin Elmer Inc., Waltham, MA, USA) in a range of wavelengths 
between 3200 and 2800 cm-1. Data were collected, areas integrated and relative values 
calculated by software Spectrum 2.0 (Perkin Elmer Inc., Waltham, MA, USA). 
 
 
Figure 3.2 Infrared spectrometer utilized for total petroleum hydrocarbons determinations 
 
Heavy metals total content  
The method used for determining the soil heavy metals total content has been the 
standard method ISO 11466 (International Organization for Standardization, 1995). This 
provides for the mineralization of soil samples with aqua regia, a mixture of nitric and 
hydrochloric acid (1:3 ratio). Briefly, 1 g of soil sieved to 200 microns (≅ 80 mesh) was 
placed in a mineralization tube. Sixteen ml of aqua regia were then added with caution. 
Pre-digestion was carried on at room temperature for 16 hours with occasional manual 
agitation and, later on, digestion was performed for 2 hours at 130±2°C. The obtained 
suspension was then filtered through an ashless Whatman 41 filter, the filtrate diluted to 
25 ml with 0.17 M HNO3 and stored in polyethylene bottles at 4 °C until analysis 
execution. Individual elements determination was performed by inductively coupled 
plasma mass spectrometer (ICP-MS) by Acme Analytical Laboratories Ltd., Vancouver, 
Canada. 
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Heavy metals forms sequential extraction  
The method used for determining the forms of heavy metals in the soil was the BCR 
method (European official method) as modified by Rauret et al. (1999), a sequential 
extraction that frees the individual forms of the element from the soil matrix. 
Screw cap polypropylene tubes of 50 ml. capacity were used as extraction and 
centrifugation containers. Extractions were performed by shaking at a rate of 120 strokes 
per minute at a temperature of 22 ± 2°C, the following centrifugations at 3000 rpm for 20 
minutes at 22 ± 2°C. 
The extraction was divided into the following four steps: 
STEP 1. Forty ml of acetic acid 0.11 mol*l-1  to 1 g of air dried soil were added in the 
containers above described; extraction, which began immediately after adding the 
extracting solution, was performed for 16 hours. The extract was separated from the solid 
residue by centrifugation, the collected supernatant was stored in polyethylene bottles at 
4°C until analysis execution. The extraction residue was washed by adding 20 ml of 
distilled H2O, shaken for 15 minutes and centrifuged. The resulting supernatant was 
discarded, taking care not to delete anything in the solid residue. 
STEP 2. In the centrifuge tube 40 ml of freshly prepared 0.5 mol*l-1 hydroxylamine 
hydrochloride were added to the residue of step 1 and the mixture immediately shaken for 
16 hours. The extract was separated from the solid residue as shown in step 1, and stored 
in a polyethylene container at 4°C until analyzed. The new residue was washed as 
previously described above for step 1. 
STEP 3. In the centrifuge tube, 10 ml of hydrogen peroxide 8.8 mol*l-1 were carefully added 
to the resulting residue of step 2. At first, digestion was performed at room temperature 
for 1 hour, then at 85±2°C for one hour in a water bath, then reducing the volume to less 
than 3 ml. Further on 10 ml of hydrogen peroxide were added and another digestive 
round was performed. 50 ml of ammonium acetate 1 mol*l-1 were then added to the 
digestate, cooled and brought into small volume; the mixture was then shaken for 16 
hours, centrifuged and the supernatant stored in polyethylene bottle at 4°C until analyzed.  
STEP 4. The resulting residue of step 3, transferred into tubes of mineralization, was 
digested with aqua regia (HNO3 + HCl  1:3) according to the already described procedure 
for the determination of heavy metal total content. The mineralized, lowered in volume, 
was then transferred into 10 ml flasks, brought to volume and then stored at 4°C until 
analyzed. 
Extracts and digests were analysed for selected metals (Cd, Cr, Cu, Mn, Ni, Pb and Zn) by 
a flame atomic absorption spectrophotometer (Perkin Elmer Lambda 25 UV/VIS 
Spectrometer; Perkin Elmer Inc., Waltham, MA, USA). The extracted heavy metal forms 
are summarized in table 2.1. 
Chapter 3 Materials and Methods 
 
 64
 
Table 3.1 BCR method of heavy metals chemical forms extraction 
Extraction procedure Extracted element species 
step Substance Temperature Time Chemical forms Name 
1 Acetic acid 0.11M 22±2 °C 16h 
Soluble, exchangeable 
and carbonate bound 
Labile 
2 Hydroxylamine hydrochloride 0.1 M 22±2 °C 16h 
Fe and Mn hydroxide 
and oxide bound 
Reducible 
3 
Hydrogen peroxide 27% (twice) 85±2°C 1h+1h 
Organic matter bound Oxidisable 
Ammonium acetate 1M 22±2 °C 16h 
4 Aqua regia 
22±2 °C 16h 
Residual Residual 
130±2°C 2h 
 
Platinum group elements (PGEs) 
 The method used for determining the soil platinum group elements (PGEs: Platinum, 
Palladium, Rhodium, Osmium, Iridium and Rutenium) total content has been the 
standard method ISO 11466 (International Organization for Standardization, 1995). As far 
as the description of method is concerned, see above. Also PGEs were determined by 
inductively coupled plasma mass spectrometer (ICP-MS) by Acme Analytical Laboratories 
Ltd., Vancouver, Canada. 
 
 
Biological features 
 
General 
 
Respiration 
 This analysis, applied according to the methodology proposed by Levi-Minzi et al. (1990), 
has as its purpose the study of the mineralization of soil organic C by soil microorganisms, 
by measuring the CO2 emitted, following its evolution during time and in fixed laboratory 
conditions. 
orgC + O2 → CO2↑ 
In practice, in 300 ml glass containers, sealed with screw cap, were placed 50 g of soil 
maintained at 60% of its maximum water capacity by adding deionised water. 2 containers 
were prepared for each of the 32 soils examined. Inside each jar so prepared, a beaker 
containing 10 ml of 0.5 N NaOH was added (alkali-trap). The containers were sealed and 
placed in the dark at 25°C in a thermostated incubator. At the same time a blank test was 
performed by placing the alkali-trap in an empty jar. At predetermined intervals 
(respectively 1 day, and 2, 3, 4, 5, 7, 9, 11, 14, 17, 21, 25 days after the beginning of 
incubation), the containers were opened, the beaker extracted and the jar ventilated to 
allow recovery of oxygen. In the jars, the lost moisture was then restored and a new beaker 
with 10 ml of NaOH introduced, incubating the system until the next determination. The 
amount of NaOH that reacted with the CO2 produced by soil microorganisms was 
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determined by titration with 0.5 N HCl. Few drops of indicator (phenolphthalein 1% 
alcoholic solution) were added immediately prior to titration and the carbonates formed 
during the incubation were precipited by adding 2 ml of 1.5 M BaCl2. Sodium hydroxide 
reacted with carbon dioxide according to the reaction: 
 
CO2 + H2O + 2 NaOH → 2 H2O + Na2CO3 
 
The CO2 produced, and then the C mineralized was calculated using the equation: 
 
mg mineralised C = (ml NaOH blank – ml NaOH sam) · 0,5 · 2 · 12 
100 g soil 2  
The results were expressed as mg of C mineralized / 100 g of dry soil. 
 
Characterization of functional diversity of soil microbial communities 
(Community level physiological profile – CLPP) 
 
The study of functional diversity of soil microbial communities, proposed by Garland & 
Mills (1991), was performed by supplying the community of soil microorganisms with 
various carbon sources and observing their consumption level. The carbon sources, that 
were provided by plates (Biolog Ecomicroplates™ - Biolog, Inc., Hayward, CA, USA.), 
were of 31 different types: 10 carbohydrates, 7 carboxylic acids, 6 amino acids, 4 polymers, 
2 phenolics and 2 amine, according to Insam (1997). The consumption of the different 
carbon sources was pointed out by the development of purple colour created by the 
reduction of a tetrazolium-containing substance produced by the respiration of 
microorganisms. 
 
  
Figure 3.3 – Equipment and BIOLOG 
EcomicroplatesTM for soil CLPP determination 
Figure 3.4 –  Automated plate reader for BIOLOG 
EcomicroplatesTM reading for soil CLPP 
determination 
  
In practice, 10 g of air-dried soil, moistened to reach 60% of the maximum water capacity, 
and left to stabilize for 3 days, were placed in an extraction bottle and added to 100 ml of 
phosphate-buffered saline (PBS) (Dunfield & Germida 2004), chosen among all the 
extracting solutions reported in the literature as the best dispersant regards 
microorganisms - soil particles aggregates. The mixture was extracted by shaking for 30 
minutes at a rate of 120 strokes per minute at a temperature of 22±2°C. Tenfold serial 
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dilutions of the resulting extract were made;  10-3  and 10-4 dilutions were tested and the 
latter was used to inoculate Biolog Ecomicroplates™(Campbell et al. 1997). 
 
 
Figure 3.5 – Tenfold serial dilutions of 1:10 soil/PBS extract 
 
Each well of Biolog Ecomicroplates™ was inoculated with 150 μl of suspension with an 8-
channel multipipetter. The Biolog Ecomicroplates™ were then incubated in the dark at a 
temperature of 22±2°C for 10 days, the color development was monitored daily by reading 
optical density (OD) at 595 nm with an automated plate reader (Multiskan EX, Thermo 
Fisher Scientific Inc., Waltham, MA, USA.), collecting data with Ascent Software, version 
2.6 (Thermo Fisher Scientific Inc., Waltham, MA, USA.). 
 
Figure 3.6 
 
BIOLOG EcomicroplatesTM for soil CLPP determination waiting to be read 
 
Various parameters derived from OD readings were obtained. The most commonly used, 
as an index of total microbial activity, was the Average Well Color Development (AWCD), 
calculated according to Garland & Mills (1991). 
 
AWCD = 
Σ (C - R) 
N 
Where: 
C = color development in each well (optical density measurement) 
R = optical density measurement of control well of the plate 
n = number of substrates: for Biolog Ecomicroplates™ n = 31 
The other calculated parameters were the community metabolic diversity (CMD), 
understood as the number of oxidized substrates and the Shannon-Weaver index (H), seen 
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as richness and evenness of the response; both were calculated using an OD of 0.25 as a 
dividing line for positive response (Garland 1997). 
 
CMD = number of oxidized substrates  
 
The Shannon-Weaver index is calculated as follows: 
 
H = - Σ pi (ln pi) 
 
where pi is the ratio between the activity of each substrate (ODi) and the sum of the 
activities of all substrates (Σ ODi): 
pi = 
ODi 
Σ ODi 
So: 
H = - Σ  ( 
ODi ) ( ln 
ODi ) Σ ODi Σ ODi 
 
The normalization was performed by dividing the values for individual wells by the 
AWCD of the sample, as described by Garland and Mills (1991). 
 
 
Antioxidant capacity  
The method used for measuring the antioxidant capacity of the soil is based on the 
extraction of antioxidants according to Rimmer & Smith (2009) and their consequent 
measurement according to the method proposed by Re et al. (1999). The latter one is based  
 
on the use of ABTS+, a stable colored 
radical in aqueous solution. The 
measurement of antioxidant capacity, 
ability to eliminate free radicals, is 
expressed as a decrease in absorbance 
of the solution of ABTS+ after the 
addition of an antioxidant. 
Fig. 3.7 - ABTS 
(2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulphonate) 
In practice a quantity of soil, pre-incubated for 3 days to 60% of the maximum water 
capacity, equal to 20.0 g of dry soil was placed in 100 ml glass containers. To these was 
added a solution of sodium hydroxide in order to achieve, taking into account the water 
present in soil, 50 ml of 1M NaOH. The containers were shaken for 16 hours at 120 strokes 
per minute. The extract was left to sit for a few minutes and the supernatant centrifuged at 
6000 g / min for 15 '. 10 ml of the extract were neutralized to a value of 7.0 ± 0.2 using 1M 
HCl solution. The neutralization of the extracts is a crucial phase, because the antioxidant 
capacities of many of the phenolic acids that are likely to be present in the extracts are 
demonstrated to be pH-sensitive (Labrinea & Georgiou, 2004). For the measurement of 
antioxidant capacity, 3 ml of a solution of ABTS+ radical, obtained by reacting overnight an 
ABTS stock solution (7 mM) with a 24.5 mM potassium persulfate solution, were placed 
directly in spectrophotometer cuvettes.  
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Figure 3.8 - cuvettes of antioxidant capacity (soil / 1N NaOH 1:2.5 extract) determination, waiting 
to be read by a spectrophotometer at a wavelength of 488 nm.  
 
30 μl of each extract were then added and, in blank cuvette, 30 μl of deionized H2O. The 
absorbance of the blank was read with a spectrofotometer set at a wavelenght of 734 nm 
and considered optimal if it gave a value of about 0.700. Each cuvette was then sealed with 
parafilm, shaken and placed to incubate in the dark at 25°C. After exactly 6', the 
absorbance of the mixture has been newly read. The decrease in absorbance due to the 
activity of soil extract on antioxidant ABTS+ radical was expressed as a percentage of initial 
absorbance.  
y = % inhibition 
y = 1 - 
Abssample 
· 100 
Absblank 
 
It was therefore prepared a calibration curve using Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) as reference substance to allow a comparison 
between the percentage decrease resulted from the extract of soil with the one caused by 
Trolox. From the calibration curve the following equation was obtained experimentally (r2 
= 0.9995): 
y = 34.288x + 0.6847 
where 
y = % Trolox inhibition 
x = Trolox concentration 
from which 
x = 
y – 0.6847 
· 100 
34.288 
where: 
x = concentration of antioxidant 
y = % inhibition of the extract 
The antioxidant capacities of the individual extracts are then expressed as mM TEAC 
(Trolox equivalent antioxidant capacity). 
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Phenolic substances 
 
The determination of total phenolic substances of the soils were performed according to 
the extraction proposed by Martens (2002) and analytical determination proposed by 
Kuwatsuka & Shindo (1973). Briefly, 1.5 ml of  the same extract used for antioxidant 
capacity were placed directly in spectrophotometer 4.0 ml cuvettes. 0.5 ml of a 1:2 Folin-
Ciocalteau solution and 0.5 ml of a 20% sodium carbonate solution were added (the latter 
one made an alkaline environment allowing the development of blue color). Blank was 
realized placing in a cuvette 1.5 ml of deionised water, 0.5 ml of 1:2 Folin-Ciocalteau reagent 
and 0.5 ml of 20% sodium carbonate. The samples were then placed in a temperature-
controlled incubator in the dark at 25°C for 30 minutes. At the end of the incubation 
period sample absorbance was spectrophotometrically read at a wavelength of 550 nm. 
   
Figure 3.9 - cuvettes of phenolics (soil / 1N NaOH 1:2.5 extract) determination waiting to be read 
by a spectrophotometer at a wavelength of 550 nm 
 
 
Figure 3.10 - cuvettes of phenolics (soil / H2O 1:2.5 extract) determination waiting to be read by a 
spectrophotometer at a wavelength of 550 nm 
 
A calibration curve was performed using p-coumaric acid and the following equation was 
derived: 
Abs = 4.4 · 10-3 · X 
where: 
X =  phenolics concentration (μ/g) 
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From which  
x = 
Abs 
4.4 · 10-3          
Results were expressed as μg of p-coumaric acid · g dry soil. 
 
 
Enzymatic activities 
 
Oxidant enzymes 
 
Catalase 
 
The method for measuring soil catalase activity, proposed by Beck (1971) is based on the 
volumetric measurement of the oxygen delivered by biological activity after soil 
incubation with H2O2 for 3 minutes in a Scheibler apparatus and its comparison with that 
released by manganese dioxide, believed to be able to deliver 100% of O2 present in H2O2. 
In practice, 10 g of dry soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, were placed in 250 ml volumetric flasks and added with 20 ml 
of 0.2M phosphate buffer pH 6.8. For each sample was prepared a control in which were 
added to the soil 2 ml of sodium azide (inhibitor of biological activity) and 20 ml of 
phosphate buffer. The flasks were shaken and left to rest for 30 minutes. 10 ml of 3% H2O2 
were placed in small beakers which were then placed inside each flask connected to the 
Scheibler apparatus. 
After closing the flask and the apparatus circuit, the H2O2 was mixed with the soil sample 
and the mixture incubated under continuous agitation, at room temperature for exactly 3 
minutes at the end of which volume of developed O2 was read on the scale of the 
apparatus. For the determination of potentially present O2, in a 250 ml volumetric flask 
were placed 0.5 g of MnO2 and 20 ml of 10% sodium carbonate. H2O2 was then added as 
for the samples and the volume of developed O2 read: this was considered 100% of 
potentially present O2. The catalase activity was then calculated by using the following 
formula: 
Catalasic activity = 
A – B 
· 100 
T · P 
Where: 
A = volume of O2 developed by the sample (ml) 
B = volume of O2 evolved by the control (ml) 
T = volume of potentially present O2 (ml) 
P = sample dry weight (g) 
Catalase activity was expressed in O2% · 3min-1 · g-1 dry soil 
 
Dehydrogenase 
 
The method for determining the activity of a soil dehydrogenase, proposed by Casida et al. 
(1964), is based on colorimetric assay of 2,3,5 triphenylformazan (TPF) produced by the 
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microorganisms reduction of 2,3,5 triphenyltetrazolium chloride (TTC), according to the 
reaction shown in figure 2.11. 
 
Figure 3.11 – reduction of TTC to TPF 
 
In practice, 300 mg of dry soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, were placed in 10 ml tubes with screw cap. 0,300 ml of 0.1M 
tris-maleate buffer, and 0,075 ml of 3% TTC were then added. The tubes, closed and 
shaken for a few seconds, were placed in an incubator in the dark at 37 ° C for 24 hours. 
After incubation, in each tube 6 ml of methanol were added and the mixture was extracted 
by shaking for 10 minutes at 120 strokes per minute. The extracts were filtered with 
Whatman filter No. 42 (fast) and then their absorbance was read by using a 
spectrophotometer (Perkin-Elmer AA Analyst 100; Perkin Elmer Inc., Waltham, MA, 
USA)) at a wavelength of 488 nm reading against white. The absorbance was converted 
into concentration directly by the instrument, which has processed the data of the 
calibration curve made with known concentrations of TPF. The results were expressed as 
mg of TPF · g-1 soil · h-1. 
 
 
Figure 3.12 - cuvettes of soil dehydrogenase activities determination waiting to be read by a 
spectrophotometer at a wavelength of 488 nm. The differences in colour correspond to different 
concentrations of TPF released from the samples after incubation. 
 
Hydrolytic enzymes 
 
Arylsulphatase 
 
The method used for the determination of soil arylsulphatase activity, proposed by 
Tabatabai & Bremner (1970), is based on the colorimetric assay with p-nitrophenol (PNF) 
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released after incubation of soil samples with p-nitrophenylsulphate (PNS) (reaction 
substrate). 
 
Figure 3.13 - cuvettes of soil arylsulphatase activity determinations waiting to be read by a 
spectrophotometer at a wavelength of 400 nm. The differences in colour correspond to different 
concentrations of PNF released from the samples after incubation. 
 
One g of air dried soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, was placed in a 20 ml volumetric flask and added of 0.25 ml of 
toluene, 4 ml 0.5M acetate buffer pH 5.8 and 1 ml of 0.005M PNS. In control samples PNS 
was not added. The flasks were capped, vortex and placed in an incubator at 37 ° C for 1 
hour. After 1 hour, 1 ml of 0.5M CaCl2 and 4 ml of 0.5M NaOH were added (in the controls 
1 ml of PNS was now added). For the preparation of blank, 2 ml of 0.5M CaCl2 were mixed 
to 8 ml of NaOH. All samples, including blank and controls, were agitated by vortexing, 
filtered on Whatman no. 42 filters and their absorbance read in a spectrophotometer, set at 
a wavelength of 400 nm. The absorbance was converted into concentration directly by the 
instrument, which has processed the data of the calibration curve made with known 
concentrations of PNF. The results were expressed as µg of PNF · g-1 soil · h-1. 
 
β-Glucosidase  
The method used for the determination of soil β-glucosidase activity, proposed by Eivazi 
& Tabatabai (1988), is based on the colorimetric assay with p-nitrophenol (PNF) released 
after incubation of soil samples with 4-nitrofenil-β-D-glucopiranoside (PNG) (reaction 
substrate). Briefly, 1 g of air dried soil, sieved at 2 mm and pre-incubated for 3 days at 60% 
of the maximum water capacity, was placed in a 20 ml volumetric flask and added of 0.25 
ml of toluene, 4 ml of Modified Universal Buffer (MUB) pH 6 and 1 ml of 0,05M PNG; the 
whole was mixed for a few seconds. The flasks were closed and incubated in the dark at 
37°C. After 1 hour 1 ml of 0.5 M CaCl2 and 4 ml of 0.1 M Tris (hydroxymethylamino-
methane) pH 12 were added, the mixture was stirred and filtered with Whatman No. 42 
filters. In control preparation, PNG has been added only immediately prior to filtration. 
The absorbance of the samples and their controls was read with a spectrophotometer set at 
wavelength of 410 nm. The absorbance was converted into concentration directly by the 
instrument, which has processed the data of the calibration curve made with known 
concentrations of PNF. The results were expressed as µg of PNF · g-1 soil · h-1. 
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Lipase  
The method used for the determination of soil lipase activity, proposed by Margesin et al. 
(2002), is based on the colorimetric assay with p-nitrophenol (PNF) released after 
incubation of soil samples with para-nitrophenyl-butiyrrate (pNPB) (reaction substrate). 
Briefly, 100 mg of air dried soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, were placed in centrifuge tubes with screw caps. Five ml of 
buffer 0.1M NaHPO4/NaOH were then added to maintain a pH of 7.25. The solution was 
heated and maintained at a temperature of 30°C for 10 minutes in a water bath. Fifty μl of 
reaction substrate (pNPB) were then added, the mixture was then stirred and maintained 
at 30°C for a further period of 10 minutes in a water bath. The biological activity was then 
blocked by switching to a temperature of 4°C in ice bath for 10 minutes. The samples were 
then centrifuged at 2000 rpm at a temperature of 3±1°C for 5 minutes. Finally, keeping the 
tubes in ice bath, the supernatant was pipetted into the cuvette and immediately read in a 
spectrophotometer set at a wavelength of 400 nm. 
 
 
Figure 3.14 - cuvettes of soil lipase activity 
determinations waiting to be read by a 
spectrophotometer at a wavelength of 400 nm. 
The differences in colour correspond to different 
concentrations of PNF released from the 
samples after incubation 
The control is prepared following the method above described without the presence of 
soil. The results were expressed as µg of PNP · g-1 soil · 10 minutes-1. 
 
Phosphomonoesterase (alkaline phosphatase)  
The method used for the determination of soil phosphomonoesterase activity, proposed 
by Tabatabai & Bremner (1969) and modified by Eivazi & Tabatabai (1977), is based on the 
colorimetric assay with p-nitrophenol (PNF) released after incubation of soil samples with 
p-nitrophenyl-phosphate (PNP) (reaction substrate). The best substrate for alkaline 
phosphatase is the p-nitrophenylphosphate. This compound is certainly not a 
physiological substrate of the enzyme, even if it is rapidly hydrolyzed in vitro by 
phosphatase, giving as product p-nitrophenol, which, in alkaline environment, develops a 
distinctly yellow colour. 
  
 
Figure 3.15 – Hydrolysis reaction caused by the action of the phosphatase on reaction substrate 
para-nitro-phenyl-phosphate (PNP) to produce para-nitro-phenol (PNF) 
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Briefly, 100 mg of air dried soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, was placed in a screw cap tube, charged with 0.020 ml of 
toluene, 0.400 ml of Modified Universal Buffer (MUB) pH 11 and 0,100 ml of 0.025M p-
nitrophenylphosphate prepared in the same buffer; the tube was shaken for a few seconds, 
then closed and placed to incubate in the dark for one hour at 37°C. At the end of the 
incubation period, 1 ml of 0.5M CaCl2 and 4 ml of 0.5M NaOH were added, the mixture 
was stirred, then filtered with Whatman filter number 42. For the control preparation, the 
addition of 0,100 ml of p-nitrophenylphosphate was carried out later than 1 ml of 0.5M 
CaCl2 and 4 ml of 0.5M NaOH, i.e. immediately before filtering the sample. 
 
 
 
Figure 3.16 - cuvettes of soil phosphomoesterase 
activity determinations waiting to be read by a 
spectrophotometer at a wavelength of 410 nm. 
The differences in colour correspond to different 
concentrations of PNF released from the 
samples after incubation 
 
The absorbance of the samples was then measured using a spectrophotometer set at a 
wavelength of 410 nm. The absorbance was converted into concentration directly by the 
instrument, which has processed the data of the calibration curve made with known 
concentrations of PNF. The results were expressed as µg of PNF · g-1 soil · h-1. 
 
Protease  
The method used for the determination of soil protease activity, proposed by Ladd & 
Butler (1972), is based on the colorimetric assay with tyrosine amino acid released after 
incubation of soil samples with sodium caseinate (reaction substrate). 
 
  
Figure 3.17 - cuvettes of soil protease activity determinations waiting to be read by a 
spectrophotometer at a wavelength of 700 nm. The differences in colour correspond to different 
concentrations of Tyrosine released from the samples after incubation. 
 
Briefly, 1 g of air dried soil, sieved at 2 mm and pre-incubated for 3 days at 60% of the 
maximum water capacity, was placed in a centrifuge tube, charged with 5 ml of 50 mM 
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Tris buffer pH 8.1 and 5 ml of 2% sodium caseinate. The centrifuge tubes were incubated 
for 2 hours at 50 ° C in a water bath, maintaining them in gentle agitation. At the end of 
the incubation 5 ml of trichloroacetic acid (TCA) 15% were added and the mixture 
vigorously stirred. To run the controls, the sodium caseinate was added to the soil after 
incubation and immediately before the addition of TCA. The resulting suspension was 
centrifuged at 6000 rpm for 15 minutes, then 5 ml of the supernatant were mixed with 7.5 
ml of an alkaline reagent and left to rest for 15 minutes at room temperature. Finally, 5 ml 
of Folin-Ciocalteu reagent were added, the mixture was filtered with fast filters and, after 
1 hour, the absorbance of the samples was measured using a spectrophotometer set at a 
wavelength of 700 nm. The absorbance was converted into concentration directly by the 
instrument, which has processed the data of the calibration curve made with known 
concentrations of tyrosine. The results were expressed as µg of tyrosine · g-1 soil · 2h-1. 
 
Urease  
The method used for the determination of soil urease activity, proposed by Hofmann 
(1963), is based on the colorimetric assay with ammoniacal-nitrogen  released after 
incubation of soil samples with urea (reaction substrate). Briefly, 10 g of air dried soil, 
sieved at 2 mm and pre-incubated for 3 days at 60% of the maximum water capacity, were 
placed in 100 ml volumetric flasks and mixed with 1.5 ml of toluene. After 15 minutes, 10 
ml of 10% urea solution and 20 ml of citrate buffer pH 6.7 were added. For each sample, a 
blank was prepared containing distilled water instead of urea solution. Each sample was 
mixed, capped and incubated for 3 hours in the dark at 37°C. After incubation, the 
samples were brought to 100 ml with warm deionised water (approximately 38°C), well 
mixed, and filtered immediately with Whatman filters no. 42. In 50 ml volumetric flasks 
were mixed 1 ml of the filtrate, 9 ml of deionised water, 4 ml of 12.5% sodium phenate and 
3 ml of a sodium hypochlorite solution with 0.9% active chlorine. After 20 minutes the 
contents of the flask was brought to the mark and the absorbance of each sample was 
measured using a spectrophotometer set at a wavelength of 630 nm. 
 
 
 
Figure 3.18 – volumetric flasks for 
determination of soil urease activity (samples in 
the foreground, blanks of each sample in the 
background) 
 
The absorbance was converted into concentration directly by the instrument, which has 
processed the data of the calibration curve made with known concentrations of NH4-N. 
The results were expressed as µg of NH4-N · g-1 soil · 3h-1. 
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PLANT BIOINDICATOR 
 
 
Species choice  
Plants of dandelion (Taraxacum officinale Web.), a spontaneous vegetal specie 
commonly used as bioindicator, were collected at flowering stage. 
  
Figure 3.19 – Taraxacum officinale Web. plants at flowering stage in Pisa urban environment 
 
Plant species were chosen because: 
a) It was present in almost all the monitored areas 
b) has been the subject of research carried out worldwide in the past 
c) it is considered by many authors in various situations, a good bio-indicator of different 
environmental stresses (Djingova et al. 1986, Sgardelis et al. 1994, Keane et al. 2001, 
Balassoriyya et al. 2009). 
Phenological stage of flowering, reached in our latitudes in the months of April-May, 
was chosen because the plant has reached full development and is easily identifiable. A 
research also shows the greater reliability of dandelion if collected in this month than 
during other periods of the year (Diatta et al., 2003) 
 
 
Chlorophyll a fluorescence analysis  
Plants were removed carefully in order to avoid radical damages, transferred into the 
laboratory, gently washed in order to remove dusts and ground particles and analyzed for 
chlorophyll a fluorescence by a Waltz PAM-2000 apparatus (Heinz Walz GmbH; Effeltrich, 
Germany). Photosystem II (PSII) chlorophyll a fluorescence was measured on mature 
leaves axial surface, excluding ribs comprising areas. Pulse frequency was 600 Hz for 
detection of minimal PSII fluorescence and 20,000 Hz for light induced fluorescence. 
Saturating light pulses, to reduce all PSII reaction centers, were at 10000 μmol m-2s-1. 
Before the fluorescence measurement the leaves were dark adapted for 40 minutes. In that 
situation initial fluorescence (F0) was measured, corresponding to the situation in which all 
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reaction centres of PSII are open, in 
presence of a weak light source. After leaf 
exposition to a single saturating impulse 
of red-actinic light (λ = 650 nm for 1 
second) maximum fluorescence (FM) was 
measured, corresponding to the 
condition in which all PSII reaction 
centres are closed. Parameters were 
obtained from fluorescence fast kinetic, 
based on 0JIP test (Strasser et al., 1995); 
indexes, calculated as suggested by 
Maxwell & Johnson (2000), are shown in 
table 3.2. 
         Figure 3.20 – Fluorometer Waltz PAM-2000 
 
Fluorescence indices used in this work 
Photochemical quenching parameters 
ΦPSII Quantum yield of PSII = (F’m – Ft) / F’m 
qP Proportion of open PSII centers = (F’m – Ft) / (F’m – F’o) 
Fv / Fm Maximum quantum yield of PSII = (Fm – Fo) / Fm 
Non-photochemical quenching parameters 
qnP Non-photochemical extinction = (Fm – F’m) / (F’m – F’o) 
 
Table 3.2 – Fluorescence indices used in this work 
 
The maximum electron transport rate (ETR) was calculated according to Genty et al. 
(1990) using equation: 
ETR= ΦPSII × PAR × 0.5 × 0.84 
 
where 0.5 corresponds to the two photosystems, 0.84 is an estimate of the fraction of 
incident PAR that is absorbed, and PAR is the value for the light intensity given (950 ± 50 
μmol m-2s-1) 
 
Photosynthetic pigments contents 
 
On the bioindicators aerial part, photosynthetic pigments (chlorophyll a, b and 
carotenoids) contents were determined. 
The procedure for quantification of photosynthetic pigments is based on their 
extraction from tissues with acetone, associated, if necessary, to the rupture of cellular 
structures. The pigments obtained are quantified by reading the absorbance of the extracts 
in a spectrophotometer at various wavelengths in the visible spectrum. 
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Three circles of vegetal tissue (≅ 6.0 cm2 of photosynthetic area) were drawn by a 
driller from the leaves where fluorescence measurements were made. The vegetal tissues 
were homogenised with 1 ml of acetone 80% and extracted in the dark for 48 hours, at 4°C 
± 1, in an eppendorf tube. At the end of extraction period, the mixture was centrifuged at 4 
rpm for 5 minutes and the absorbance values of supernatant spectrophotometrically 
measured. Chlorophylls concentrations were calculated from equations proposed by Porra 
et al. (1989): 
Chlorophyll a (μg/ml) = 12.25 * Abs663.2 – 2.55 * Abs648.8 
Chlorophyll b (μg/ml) = 20.31 * Abs648.8 – 4.91 * Abs663.2 
 
Carotenoids concentration was calculated from equation proposed by Lichtenthaler 
(1987): 
Carotenoids (μg/ml) = 
(1000 * Abs470.0 – 1.82 * chl a – 85.2 * chl b) 
198 
 
Methanol extraction of vegetal tissues 
 
Immediately after collection, Taraxacum officinale vegetal tissues were rapidly carried 
into the laboratory, gently washed in order to remove dust and ground particles, dissected 
in aerial and radical parts, stopped in their biologic activity by immersing them in liquid 
nitrogen, and stored at -80°C until extraction. 
According to Kang & Saltveit (2002), 1.0 g of each tissue was homogenised in a 
mortar with help of pestle and quartz, and extracted in 2.5 ml of HPLC methanol (1:2.5 
w/w). The homogenates were placed in 10 ml centrifuge tubes, then centrifuged at 15000 
turns for 20 minutes at 20°C.  The obtained supernatants were stored at -20°C until used 
for analysis of the antioxidant capacity, total phenolic substances and metal chelating 
capacity. 
 
Antioxidant capacity (DPPH) 
 
DPPH (2,2-diphenyl-1-picrylydrazyl) is the substance on which is based one of the 
most utilized methods for the antioxidant capacity measurement in vegetal tissues. 
 
 
 
Figure 3.21 – reduction of DPPH to DPPH2 
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Free radical DPPH unpaired electron gives to the substance a strong 
spectrophotometric absorbance at 517 nm (the compound has a violet colour). The 
absorption coefficient of the DPPH radical changes simultaneously to the colour variation 
of the substance that turns to yellow when the unpaired electron becomes part of a 
doublet with a hydrogen from an antioxidant free radical to originate the reduced form 
DPPH-H. The discolouration is stoichiometric depending on the number of captured 
electrons. The ability to scavenge DPPH free radicals was determined according to the 
method proposed by Brand-Williams et al. (1995) with minor modifications. Briefly, 25 μl 
of different Taraxacum officinale methanol extracts were added to 2 ml of a 6.25*10–5 M 
solution of DPPH in methanol. A control sample containing the same volume of solvent in 
place of extract was used to measure the maximum DPPH absorbance. Afterwards, the 
reaction was allowed to take place in the dark at 25°C for 30 minutes, the absorbance at 
517 nm was recorded to determine the concentration of remaining DPPH. Regarding the 
percent of antioxidant capacity of inhibition of vegetal extract, a calibration curve of 
inhibition was realized with trolox, and the degree of inhibition of extracts compared to 
that of trolox. Results were expressed as trolox equivalent antioxidant capacity (TEAC). 
 
Total polyphenols (TP) 
 
TP were determined using Folin-Ciocalteau method as modified by Singleton & Rossi 
(1965). The test utilizes the methanolic extract used for antioxidant capacity determination 
and is based on Folin-Ciocalteau reagent reduction by extract’s phenolic substances, with 
the formation of a blue complex, spectrophotometrically measured at 760 nm. In 10 ml test 
tubes were mixed 25 μl of Taraxacum methanolic extract, 100 μl of distilled water and 125 
μl of Folin-Ciocalteau reagent. Exactly after 6 minutes, 1.25 ml of a 7% sodium carbonate 
solution were added and the mixture was mixed and allowed to stand at 25°C in the dark 
for 90 minutes, covering the tubes with parafilm to avoid methanol volatilization. TP 
concentration was calculated from a calibration curve, realized using gallic acid as 
standard. So, TP content is expressed as mg of gallic acid / 100 g of fresh vegetal tissue. 
 
Metal chelating capacity (MCC)  
MCC was determined by the method of Dinis et al. (1994) as modified by Du et al. 
(2009). The test uses 3-(2-pyridyl)-5,6 dyphenil-1,2,4 triazine-p-p’-disulfonic acid 
monosodium salt hydrate, 97% (C20H13N4NaO6S2 * n H2O), also called ferrozine®, (Fz), a 
compound recently sintetized (Stookey, 1970), that makes up with ferrous iron a tris 
ferrozine/iron complex, Fe(Fz)3, spectrophotometrically detectable.  Briefly, Taraxacum 
methanolic extract (1 ml) in 2.8 ml distilled water was mixed with 50μl of 2 mM FeCl2 * 
4H2O and 150 μl of 5 mM ferrozine and the mixture was thoroughly shaken. After 10 
minutes, Fe2+ ion was monitored by spectrophotometrically measuring the formation of 
ferrous ion–ferrozine complex at 562 nm. The metal chelating capacity was calculated as 
follows: 
 
MCC (%) = 
1 – absorbance of sample 
* 100 
absorbance of control 
 
So, MCC is expressed as percent reduction compared to control. 
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Heavy metal content 
 
The content of heavy metals was determined on the aerial part and root tissues of 
Taraxacum officinale plants, previously separated and dried in an oven at 60 ° C, ground 
and sieved to 1 mm. 
The mineralization method (Baranowska et al., 2002) provides the acid digestion of a 
sample of plant tissue using microwave heating at a controlled temperature for the 
determination of metals by spectroscopic methods. Briefly, 0.5 g samples of plant material 
were placed in teflon vessels suitable for pressure mineralization in microwave oven 
(Milestone Ethos labstation; Milestone s.r.l.; Sorisole (Bg) Italy). Next, 6 ml of 65% HNO3 
and 2 ml of 30% H2O2 were added to each vessel and the following program of 
mineralization was performed: (1) 10 minutes at 1000W to reach 200°C; (2) 10 minutes at 
1000W remaining at 200°C; (3) 20 minutes of ventilation and cooling. After mineralization, 
samples were transferred into volumetric flasks and made up to 10 ml with water. Digests 
were analysed for selected metals (Cd, Cr, Cu, Mn, Ni, Pb and Zn) by a flame atomic 
absorption spectrophotometer (Perkin Elmer AAnalyst 100; Perkin Elmer Inc., Waltham, 
MA, USA). 
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STATISTICAL ANALYSIS 
 
All tests were carried out in triplicate and the results, reported to dry matter, were 
presented as means ± standard deviation (SD). 
All figures were performed using GraphPad Prism software, version 4.00 for 
Windows (GraphPad Software, San Diego, CA, USA). 
 
Analysis of variance 
For each measured parameter, one-way analysis of variance (site as factor) was 
performed by using CoStat software, 6.311 version (CoHort Software; Monterey, CA, 
USA). After verifying the normal distribution of the data, and, if necessary, being made 
the appropriate transformations, means of various sites parameters were compared using 
Tukey’s HSD test. Differences at P < 0.05 were considered statistically significant (Zar, 
1984). 
 
Correlation analysis 
Correlation analysis is defined as a relation between two or more variables so that 
systematic changes in the value of one variable are accompanied by systematic changes in 
the other. This is evaluated by Pearson product-moment correlation coefficient, a 
measurement of the strength and direction of the linear relationship between two 
variables that is defined in terms of the covariance of the variables divided by their 
standard deviations (Zar, 1984). 
Correlation analysis was performed by utilizing NCSS software, 2004 version 
(Number Cruncher Statistical Systems; Kaysville, UT, USA). Correlation probability was 
evaluated at a 5% and a 1% probability level. In the different tables, values marked with 
two asterisks are characterized by significant correlations with a probability level of 1%, 
others marked by a single asterisk indicate significant correlations at a probability level of 
5% as proposed by Pearson. The coefficients of correlation used as discriminating to 30 
degrees of freedom were: 0.449 for p = 0.01 and 0.349 for p = 0.05 (Fisher, 1925). 
 
Multivariate analysis (MA) 
MA is a way of dealing with the problem concerning the relationships between all of 
the individual variables determined in a complex system. 
 The application of multivariate statistical techniques of investigation allowed the 
determination of different groups of variables. It seems that there is no absolute method to 
highlight the relationship between the different values, and the results must be assessed 
subjectively at times in order to obtain a result consistent with the reality of system 
characteristics. 
 The MA allows the study of complex data sets, which have many possible 
independent variables and the dependent variables, correlated with each other according 
to different degrees. These techniques can be understood as a sequence of procedures for 
prediction and classification, the term 'multivariate' indicates how they allow to analyze 
the interrelationships between different variables and to summarize and reduce the 
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number of similar variables as those needed to describe the studied phenomenon (Mardia 
et al. eds., 1979). 
 
During the research the following survey techniques of multivariate analysis were 
taken into account: 
 
Cluster analysis 
It is a multivariate analysis technique that organizes the different variables in groups 
that have similar characteristics. These groups (clusters), possess intrinsic homogeneous 
and differ from adjacent clusters. 
The process of organization follows this procedure: two variables that have similar 
characteristics originate a 'nucleus of condensation' (proto cluster, see A in figure at right) 
whose midpoint of the line joining the two variables is defined centroid (see B in the 
figure). The more the centroid is placed next to the origin point of the proto-cluster, the 
more the two sites possess a high degree of similarity. It is defined mathematically 
through a coefficient of similarity (similarity) that turns out being much closer to zero as 
much as the two systems are similar. The process of generating new proto-cluster 
centroids between variables belonging to the same space will lead to the assimilation of all 
groups into a single entity. The final result of the order of combination (pairing sequence) 
is represented by a diagram (dendrogram). (Mardia et al. eds., 1979). Among the different 
existing methods to determine the degree of (dis)similarity (distance) between two 
variables, weighed Euclidean distance has been chosen; between the different methods 
used to bond (linkage) groups, groups average (unweighted pair) has been chosen while 
standard deviation was the utilized scale type. 
 
Principal Component Analysis (PCA) 
PCA is a technique for organizing and simplifying a series of multivariate data. Its 
purpose is to reduce the volume of a set of data into a number of smaller relations, without 
a significant loss in the contribution of changes of the individual variables. This type of 
analysis is developed in more detail by FA. PCA transforms a set of n variables in a new 
set of n main components not related to each other, and graphically represented along 
axes perpendicular to each other. There are as many principal components as there are 
variables considered, but for the purposes of the statistical survey are used normally no 
more than 3 or 4 components or at least as a function of the total variance of the same. By 
PCA are computed eigenvector and eigenvalue: the eigenvector gives the direction in 
which the association of variables is more elongated, data projections are the principal 
components of the eigenvector, and the corresponding eigenvalues give an indication of 
the percentage of variation in the data that can be attributed to that principal component 
(Mardia et al. eds., 1979). 
Hierarchical clustering analysis, PCA, and FA were performed by utilizing NCSS 
software, 2004 version (Number Cruncher Statistical Systems; Kaysville, UT, USA). 
Area under curve (AUC) was calculated by utilizing NCSS software, 2004 version 
(Number Cruncher Statistical Systems; Kaysville, UT, USA). 
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Geostatistical analysis 
In order to identify patterns in the spatial distribution of a soil variable such as 
pollutants concentration, soil survey data were presented in the form of a map. Mapping 
contaminants distribution allows immediate appreciation of the change in the contaminant 
with space and enables identification of areas that may contain hazardous concentrations. 
Knowledge of the spatial distribution of a contaminant is essential for site assessment and 
any subsequent risk assessment. In general, the high cost of chemical analyses and the 
time taken to obtain chemical data at enough locations to enable mapping are prohibitive. 
An alternative to extensive sampling and analysis is to interpolate the point data to 
estimate parameters concentrations at locations between sampling sites. This can be 
achieved with the use of geostatistical techniques such as: 
 inverse distance weighed (IDW); 
 kriging; 
 polynomial regressions; 
 spline regressions. 
Geostatistics is based on the theory of regionalized variables: they vary in space 
continuously and have some structure in their variation. This means that the variable 
exhibits some spatial dependence where its value at locations close together, are more 
similar than those further apart (Webster & Oliver, 1990). 
The hypothesis of spatial autocorrelation is screened through the study of an 
experimental semivariogram, produced, for each direction chosen, from the semivariance 
of the differences of the values assumed by pairs of points, lying at a certain distance 
between them, as a function of the distance itself. The estimation of attribute values at 
unsampled locations was made using kriging, a family of generalized least-squares 
regression algorithms (Goovaerts, 1997). It is a spatial prediction method, which is a 
weighed average of measured data points. It fits a mathematical function to a specified 
number of points, or all points within a specified radius, to determine the output value for 
each location. The method is designed to minimise the estimation variance and has the 
desirable feature of providing a measure of the uncertainty associated with predictions 
(Goovaerts, 1997).  
The main estimated parameters are: 
 nugget: it describes the level of random variability; 
 partial sill: it describes the level of spatial variability, i.e. that portion of the variance 
which is observed as a function of distance; 
 range: the maximum distance in which spatial correlation is observed. 
The kriging interpolation was conducted by using the software ArcGIS 10.0 for 
Windows (ESRI, Redlands, CA, USA) to estimate concentration levels of heavy metals and 
hydrocarbons in un-sampling sites and to evaluate, through the pollution patterns, the 
possible influence of pollution sources. 
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Results and discussion 
 
 
 
Urban soils 
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Physical features 
 
The physical characteristics of the soils of the urban city of Pisa are shown in table 
4.1.  
The skeleton showed wide variability fluctuating in a range between 0.9 g and 
297.6 g kg-1 of soil, characterized by an average of 78.8 and a median of 56.1 g kg-1 of 
soil. The control site shows a marked paucity of skeleton (10.2 g kg-1 of soil), this is 
compatible with the agricultural use of the area in which the sampling was carried out. 
This high degree of physical features heterogeneity is typical of urban soil (Craul, 1992; 
Baumgartl, 1998; Strogonova & Prokofieva, 2002; Pouyat et al., 2007b), it being the 
result of the mixture of very different materials as regards to source, size, and 
composition. Very different substrate make up urban soils, such as those derived from 
pedogenic process and those added by the various anthropogenic activities such as 
construction (bricks, gravels, cement, fly ash) and waste production (plastics, glasses 
and metals). Examples of the materials found during this research are reported in 
Figures 4.1 and 4.2. 
 
 
 
Figure 4.1 – Skeleton examples collected from 
urban soils of Pisa 
Figure 4.2 – Skeleton sample of a Pisa urban 
soil  
Regarding the texture, named according to the terminology adopted by the United 
States Department of Agriculture (USDA), it is evident that the sandy component is clearly 
prevailing: indeed sandy-loam texture was recovered in 76% of the examined sites, 
including the control one. The clay component has hardly shown a certain consistency: in 
fact the other textures types have been found only in a small percentage: loamy-sand and 
sandy-clay-loam accounted for 9%, while loam and clay-loam only for 3%. These results 
agree with those found in the soils of the city of Pisa by Bretzel and Calderisi (2006), in a 
work regarding the urban soils of the coastal towns of Tuscany, and with what has been 
described in the soil map of the Tuscan Region that reports, as main lithology for the Plain 
of Pisa, “sandy recent alluvial deposits” (54%) (Regione Toscana, 2012). 
The bulk density varies fluctuating in a range between 1.39 and 2.09 kg dm-3 of soil, 
characterized by a mean of 1.71 and a median of 1.72 kg dm-3. The control site showed 1.83 
kg dm-3 of soil, not statistically different from that found in urban areas. The measured 
values are typical of urban soil where the degree of compaction is high, due to the 
  
Table 4.1 - Physical features of urban green areas of Pisa 
(Bulk density: g * cm-3 soil; other features: %) 
0 
Texture Sandy-loam 
1 
Texture Sandy-loam 
2 
Texture Sandy-loam 
3 
Texture Sandy-loam 
Sa 72,9 Si 16,4 C 10,7 Sa 79,3 Si 10,3 C 10,4 Sa 62,0  Si 20,2 C 17,8 Sa 57,0 Si 24,9 C 18,1 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
1,02 1,83 abc 34 18,23 1,39 c 53 5,89 1,73 abc 47 23,19 1,78 abc 45 
4 
Texture Sandy-loam 
5 
Texture Sandy-loam 
6 
Texture Sandy-loam 
7 
Texture Loam 
Sa 71,5 Si 17,4 C 11,1 Sa 62,5 Si 20,2 C 17,3 Sa 72,0 Si 14,3 C 13,7 Sa 49,7 Si 30,1 C 20,2 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
7,35 1,80 abc 43 10,50 1,82 abc 41 7,56 1,46 bc 57 14,01 1,54 abc 40 
8 
Texture Loamy-sand 
9 
Texture Sandy-loam 
10 
Texture Sandy-loam 
11 
Texture Sandy-loam 
Sa 81,0 Si 10,0 C 9,0 Sa 69,7 Si 18,5 C 11,8 Sa 74,0 Si 11,7 C 14,3 Sa 56,1 Si 28,4 C 15,5 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
0,72 1,60 abc 49 2,59 1,63 abc 48 1,80 1,66 abc 46 5,09 1,72 abc 52 
12 
Texture Sandy-loam 
13 
Texture Loamy-sand 
14 
Texture Sandy-loam 
15 
Texture Sandy-loam 
Sa 72,4 Si 15,1 C 12,5 Sa 85,2  Si 7,9 C 6,9 Sa 67,1 Si 18,1 C 14,8 Sa 73,1 Si 15,1 C 11,8 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
2,57 1,87 abc 48 9,73 1,62 abc 44 3,08 1,76 abc 44 2,74 1,48 bc 60 
16 
Texture Loamy-sand 
17 
Texture Sandy-loam 
18 
Texture Sandy-loam 
19 
Texture Sandy-loam 
Sa 82,2 Si 8,8 C 9,0 Sa 58,3 Si 23,4 C 18,3 Sa 79,5 Si 9,9 C 10,6 Sa 59,6 Si 21,3 C 19,1 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
0,09 1,66 abc 49 5,95 1,87 abc 45 4,17 1,71 abc 48 1,41 1,80 abc 45 
20 
Texture Sandy-clay-loam 
21 
Texture Sandy-loam 
22 
Texture Sandy-loam 
23 
Texture Sandy-clay-loam 
Sa 57,4 Si 20,5 C 22,1 Sa 74,7 Si 10,1 C 15,2 Sa 78,5 Si 10,9 C 10,6 Sa 53,7 Si 14,7 C 31,6 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
1,87 1,86 abc 49 7,07 1,62 abc 44 11,09 1,94 ab 40 7,67 1,93 abc 50 
24 
Texture Sandy-loam 
25 
Texture Clay-loam 
26 
Texture Sandy-clay-loam 
27 
Texture Sandy-loam 
Sa 70,1 Si 16,8 C 13,1 Sa 40,1 Si 30,8 C 29,1 Sa 59,6 Si 20,2 C 20,2 Sa 78,7 Si 10,2 C 11,1 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
5,28 1,49 bc 44 5,34 1,50 abc 41 14,21 1,90 abc 51 4,53 1,73 abc 32 
28 
Texture Sandy-loam 
29 
Texture Sandy-loam 
30 
Texture Sandy-loam 
31 
Texture Sandy-loam 
Sa 70,6 Si 14,4 C 15,0 Sa 62,6 Si 21,5 C 15,9 Sa 72,2 Si 16,5 C 11,2 Sa 79,8 Si 9,0 C 11,2 
Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC Skeleton Bulk density MWHC 
29,78 1,78 abc 44 7,18 2,09 a 40 4,49 1,44 bc 47 26,17 1,60 abc 64 
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continuous trampling by operating machines, vehicles and pedestrians; mostly of the 
monitored soils can be identified, in the classification proposed by Smagin (2006), as either 
strong compacted or over compacted; in these soils air and water permeability is very 
poor, surface run-off is activated, woody and herbaceous plants metabolism becomes 
difficult because the retarded growth of roots, and anaerobic conditions begin to establish, 
disturbing most of the microbiological processes. Texture results are in agreement with 
those recovered by Yuan (2002) in the public green spaces of Hong Kong, by Short et al. 
(1986) in Washington D.C., by Gbadegesin & Olabode (2000) in Ibadan (Nigeria) and 
Smagin et al. (2006) in Moscow. As you can observe in table 4.2, the bulk density is mainly 
negatively correlated with the organic carbon content of the soil, which can be interpreted 
considering the strong difference between the density of the organic matter fraction of the 
soil and the mineral one. 
Table 4.2 - Correlations among general physico-chemical features of urban soil of Pisa 
Features bulk density skeleton Sand silt clay WHC pH limestone organic C 
bulk density 1 -0,017 -0,221 0,145 0,266 -0,359 0,246 -0,174 -0,557 
Skeleton ns 1 -0,026 -0,001 0,056 0,189 -0,163 0,272 0,283 
Sand ns ns 1 -0,918 -0,889 0,146 -0,344 0,092 0,242 
Silt ns ns ** 1 0,635 -0,198 0,396 0,002 -0,218 
Clay ns ns ** ** 1 -0,058 0,218 -0,180 -0,217 
WHC * ns ns ns ns 1 -0,564 0,191 0,730 
pH ns ns ns * ns ** 1 0,090 -0,403 
Limestone ns ns ns ns ns ns ns 1 0,537 
organic C ** ns ns ns ns ** * ** 1 
In the table are reported Spearman correlation coefficients and the obtained significances 
 The discriminant value adopted was 0.449 for p < 0.01 and 0.349 for p < 0.05 (32-2 = 30 degrees of freedom) 
** p ≤ 0.01 positive  ** p ≤ 0.01 negative  
* p ≤ 0.05 correlations  * p ≤ 0.05 correlations   
 
Maximum water holding capacity (WHC) varies in a range between 32 and 64%, 
with a mean of 46.4% and a median of 45.5%. This parameter is directly related to the soil 
organic C, as stated by Naeth et al. (1991), while we can see an inverse correlation with pH, 
probably because both parameters are inversely related to the organic matter content of 
the soil. WHC shows an inverse correlation also with bulk density: this is logical because 
increasing compaction reduces the available space for the soil water movement. In all 
areas the measured WHC data were above 40%, excluding the control of the site and the 
number 27 area. The former one showed a very low WHC (34%), moreover compatible 
with its granulometry and with the very low organic matter content, while the latter one 
showed an even lower value (32%), probably due to the presence of water-repellent 
substances, such as hydrocarbons, being the sampling site placed in close proximity to a 
gas station. The water repellency of the particles of the site soil has been observed also 
with the naked eye during the imbibition tests for WHC measurement. 
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Chemical features 
 
 
 
pH 
The quantitative relationship between hydrogen and hydroxyl ions in the solutions of 
the examined soils, reported in table 4.3 showed a very limited variability, oscillating in a 
very narrow range from 7.2 to 8.3, with a mean and a median of 7.6. Therefore, using the 
terminology adopted by the USDA (1993), very few (13%) are the neutral soils (pH range 
6.6-7.3); most soils (68%) were classified as slightly alkaline (pH range 7.4-7.8), while 
moderately alkaline soils (pH range 7.9-8.4) accounted only for 19%. The control site 
showed a moderately alkaline soil (pH 8.0), according to its low organic matter content. 
The measured values are in agreement with the ones found by Bretzel and Calderisi (2006) 
in a study on the characteristics of urban soils of various coastal towns of Tuscany. The 
results obtained in this research are also reflected in the rest of the literature, as the soil of 
many cities in the world have tended to alkaline reaction, as summarized by Craul (1985, 
1992), De Kimpe and Morel (2000), and Pouyat et al. (2010).  The reaction of the soil is 
given by substances arising from pedogenic substrate, by the presence of organic matter 
and man-made chemicals. In urban soils, the latter are present in large quantities. In 
addition, according to several authors (Chinnow, 1975; Craul, 1992; Bityukova, 2006), 
alkalinisation of urban soils is stimulated by the presence of residues of limestone building 
and from the degradation and solubilisation of calcareous materials that constitute 
buildings and infrastructure. 
 
Limestone 
The limestone of the examined soils, reported in table 4.3, showed a range of 
variation oscillating between 2.80 and 23.06 g CaCO3 100 g-1 dry soil, with a mean of 9.24 g 
CaCO3 100 g-1 soil and a median of 7.89 g CaCO3 100 g-1 soil. Therefore, from an agronomic 
point of view (Tarabbia, 2005), the limestone content of the majority (65%) of the urban 
soils of Pisa can be classified as low (range 0-9 g CaCO3 100 g-1 soil), while 32%, including 
the control site, can be classified medium (range 9-18%), and, finally, only a site (3% of 
cases) showed a high content. Therefore, building an overall picture, I can state that the 
urban soils of Pisa have a relatively low content in limestone, probably due to the lack of 
substance in the soil parent materials and to the washing action of the climate: this action, 
even if modest, was nevertheless prolonged in time. These low levels of limestone are in 
contrast with what was monitored by several authors who had found a carbonates 
enrichment in many urban environments of the world (Craul, 1992; Alexandrovskaya & 
Alexsandrovskiy, 2000; Miranda et al., 2005; Norra et al., 2006; Adamo et al., 2008). 
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Table 4.3 - Chemical and physical characteristics of the green areas of the city of Pisa 
(Limestone: g CaCO3 * 100 g
-1 soil) (Organic C: g C * 100 g-1 soil) 
0 
pH Limestone Organic C 
1 
PH Limestone Organic C 
2 
pH Limestone Organic C 
3 
pH Limestone Organic C 
8,00 d 6,62 jkl 0,90 s 7,35 p 10,26 e 3,97 de 7,93 f 6,94 ijk 3,11 ghij 7,66 j 14,69 c 3,65 f 
sandy-loam sandy-loam sandy-loam sandy-loam 
4 
pH Limestone Organic C 
5 
pH Limestone Organic C 
6 
pH Limestone Organic C 
7 
pH Limestone Organic C 
8,05 c 17,55 b 3,87 ef 7,66 j 7,07 ijk 2,20 q 7,54 m 9,46 ef 4,83 c 7,80 g 14,87 c 2,54 nop 
sandy-loam sandy-loam sandy-loam loam 
8 
pH Limestone Organic C 
9 
pH Limestone Organic C 
10 
pH Limestone Organic C 
11 
pH Limestone Organic C 
7,22 s 5,90 klmn 3,89 ef 7,48 n 7,77 ghij 2,60 mno 7,28 q 4,58 o 2,65 mno 7,47 no 4,66 no 3,70 ef 
loamy-sand sandy-loam sandy-loam sandy-loam 
12 
pH Limestone Organic C 
13 
pH Limestone Organic C 
14 
pH Limestone Organic C 
15 
pH Limestone Organic C 
7,25 r 6,94 ijk 2,79 klmn 7,75 h 12,03 d 2,84 jklm 7,65 j 7,05 ijk 2,87 ijklm 7,75 h 23,06 a 6,19 b 
sandy-loam loamy-sand sandy-loam sandy-loam 
16 
pH Limestone Organic C 
17 
pH Limestone Organic C 
18 
pH Limestone Organic C 
19 
pH Limestone Organic C 
7,45 o 5,19 mno 3,13 ghi 7,57 l 12,22 d 2,84 jklm 7,54 m 8,58 fgh 2,98 hijkl 8,20 b 2,80 p 1,32 r 
loamy-sand sandy-loam sandy-loam sandy-loam 
20 
pH Limestone Organic C 
21 
pH Limestone Organic C 
22 
pH Limestone Organic C 
23 
pH Limestone Organic C 
7,48 n 7,33 hij 2,73 lmn 7,48 n 8,01 ghi 3,03 ghijk 7,52 m 16,54 b 3,28 g 7,62 k 6,46 jklm 2,39 opq 
sandy-clay-loam sandy-loam sandy-loam sandy-clay-loam 
24 
pH Limestone Organic C 
25 
pH Limestone Organic C 
26 
pH Limestone Organic C 
27 
pH Limestone Organic C 
7,72 i 6,94 ijk 4,24 d 7,97 e 8,83 fg 3,79 ef 7,45 o 7,61 ghij 2,70 lmn 7,99 de 8,41 fgh 2,75 klmn 
sandy-loam clay-loam sandy-clay-loam sandy-loam 
28 
pH Limestone Organic C 
29 
pH Limestone Organic C 
30 
pH Limestone Organic C 
31 
pH Limestone Organic C 
7,59 l 5,31 lmno 2,27 pq 8,29 a 8,46 fgh 1,33 r 7,59 l 9,66 ef 3,23 gh 7,21 s 13,80 c 7,57 a 
sandy-loam sandy-loam sandy-loam sandy-loam 
In the table, different letters identify data which are statistically different, as tested  with Tukey’s HSD test (p ≤ 0,05)
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Organic carbon 
The content of organic C (org C), showed in table 4.3, was in all sites considerably 
higher than in the control one (0.90 g C 100 g-1 soil), a natural area surrounded by 
cultivated fields, and presented, within this feature, a marked variability ranging between 
1.32 and 7.57 g C 100 g-1 dry soil, with a mean of 3.27 g C 100 g-1 soil and a median of 2.98 g 
C 100 g-1 soil. Such a higher content of urban soils compared to natural, agricultural or 
forested areas has been reported by several authors (Pouyat et al., 2002; 2010; Golubiewski, 
2006; Raciti et al., 2011).  
This enrichment, undoubtedly contributing to the improvement of the chemical-
physical characteristics of urban soils (Bernal et al., 2006), may have originated from 
different sources: some are of anthropogenic origin, such as sewage sludges, residues of 
incomplete combustions, industrial wastes and oil spills (Glaser et al., 2001; Lorenz & Lal, 
2009), but many are mostly of natural origin such as plant litter decay (Lorenz et al., 2006). 
The enhancement of org C storage in the superficial layers is explained by some authors as 
a result of the interaction between natural and anthropogenic inputs with an arid or semi-
arid climate (Pouyat et al., 2002; Zhang et al., 2002), which in fact is the Mediterranean. The 
measured data are in agreement with the results of Bretzel and Calderisi in the afore-
mentioned monitoring experience on the urban soils of the coastal towns of Tuscany. 
Among the selected urban soil physico-chemical features, org C showed (table 4.2) a 
positive correlation with WHC and limestone, instead, as it was previously highlighted, it 
showed a negative correlation with bulk density and, although at a lower level of 
significance, with pH. A relationship between WHC and orgC is easily explained, 
considering the high water retention capacity of almost all types of organic matter, apart 
from the apolar substances. Even a correlation with pH is logical, because the organic 
substance tends to have an acid reaction, thanks to the numerous hydroxyl groups present 
in the polyphenolic substances from which it is composed. The reason for the direct 
correlation with limestone is less clear, but this may be indicating a common origin, partly 
anthropogenic, of both substances. 
 
Contaminants 
Petroleum hydrocarbons 
Total petroleum hydrocarbons (TPH) data of urban soils of Pisa are shown in figure 
4.3. It should be noted that the limit of 60 mg kg- was calculated by adding the two values 
established by Italian law for hydrocarbons in public green, private and residential areas 
(Repubblica Italiana, 2006, DLgs 152/2006). The original text gives threshold values 
referred both to “light” hydrocarbons, i.e. constituted by a number of carbon atoms less 
than 12, and to “heavy” hydrocarbons (C> 12). The extraction method used in this 
experiment did not differentiate the two hydrocarbons categories, for which, in order to 
obtain the overall limit, it was considered proper to sum the two different limits of the two 
different classes (10 mg kg-3 soil for “light” hydrocarbons and 50 mg kg-1 soil for “heavy”). 
Total petroleum hydrocarbons content varied fluctuating in a wide range between 
38.3 and 419.1 mg kg-1 of dry soil, characterized by a mean of 97.7 and a median of 78.4 mg 
kg-1 soil. These values are comparable with those reported by several authors in the soils of 
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many cities worldwide (Müller et al., 2001; Adeniyi & Afolabi, 2002; Azimi et al., 2005; 
Henriquez et al., 2006; Aichner et al., 2007; Pies et al., 2007; Morillo et al., 2007; Manzo et al., 
2008; Teaf et al., 2008; Ma et al., 2009). 
The control site showed 54.5 mg kg-1 soil, not statistically different from those 
observed in many (≅75%) of the monitored areas. In all the others grater values were 
detected. 
 
Figure 4.3 – Total petroleum hydrocarbons content of urban soils of Pisa 
 
Different letters  identifies statistically different data as tested  with Tukey’s HSD test (p = 0,05) 
Red line shows limit of Italian Law for total hydrocarbons in residential areas (DLgs 152/2006) 
 
The limit of 60 mg kg-1 soil was exceeded in 2/3 of the examined sites and also the 
content of the remaining areas is not very far from this value. In approximately 20% of the 
areas the value of 100 mg kg-1 soil was exceeded and there are two areas where a 
remarkable rate of pollution is evident: one of them was a green space located quite close 
to a gas station, while the other one was a flowerbed traffic divider in which there were 
clear signs of disposal of bituminous material from a recent paving of the adjacent road. 
All the other areas where the limit of 100 mg kg-1 soil was exceeded, are located in zones 
with particularly intense traffic. 
Analysing the situation as a whole, I can say that the soils of the whole city area of 
Pisa are characterized by a widespread and significant rate of petroleum hydrocarbons 
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pollution. There are few areas where the legal limits are not exceeded, and also in the 
control, limit is almost touched. 
This picture is in complete agreement with the one found in the literature concerning 
to hydrocarbons pollution in the urban environment. In fact, these substances originate a 
widespread contamination, not only in the city center, which is characterized by large 
distribution, relatively low pollutant concentrations and the absence of identifiable point 
sources (Johnsen et al., 2006), even if the cases of point contamination due to accidental 
spillage of oil during its carriage or close to gas stations are frequent (Adamczewska et al., 
2000; Vega et al., 2009). 
The level of soil hydrocarbons, probably is not affected by accumulation ("memory" 
effect) differently from most inorganic pollutants. In fact, these substances are constantly 
subject to microbial degradation (Ghazali et al., 2004; Maila & Cloete, 2005), in its turn 
influenced by environmental and soil conditions (Maliszewska-Kordybach, 2005; Riffaldi 
et al. 2006; Zhang et al. 2006), that is why they do not accumulate indefinitely but their 
level in a certain area is probably specific, a result of the algebraic sum of the inputs, 
mostly anthropogenic, and the amount degraded by that soil microorganism communities. 
 
Heavy metals 
 
Copper 
Copper data of urban soils of Pisa are reported in figure 4.4. It should be noted that in 
the left part of the figure is shown the Cu total content of control and all 31 monitored 
areas is shown, in the right part of the figure we can see the data obtained from BCR 
fractionation of the element only for the control and for the 17 overall most polluted areas.  
Copper total content varied fluctuating in a wide range between 30.9 and 142.3 mg 
kg-1 of dry soil, characterized by a mean of 67.4 and a median of 64.4 mg kg-1 soil. The 
control site showed 32.24 mg kg-1 soil, statistically equal to that observed in a small 
fraction (≅10%) of the monitored areas, and practically coinciding with that of 34.0 mg kg-1 
soil, which had been found, in the Province of Pisa,  in a previous monitoring research on 
Italian agricultural soils’ background (APAT, 2003). In all the other areas higher values 
were detected, but only in two situations the limit of 120.0 mg kg-1 soil, established by 
Italian legislation for residential use areas in Legislative Decree 152/2006 (Repubblica 
Italiana, 2006) was found exceeding. The same sites showed E.F. values typical of a 
moderate enrichment,  and Igeo indexes typical of moderately polluted areas, while all the 
others sites didn’t show any enrichment or pollution (see table 4.4). On average, Pisa 
urban soils showed Igeo of 0.40, typical of unpolluted areas, and an EF of 1.55, indicating a 
minimum anthropogenic enrichment, while PI, more severe index, showed a situation 
characterized by a moderate, but widespread, pollution. 
The quantities found are comparable to those of the soils of the city of Turin (Biasioli 
et al., 2007). Anyway, Cu presence is common in many urban soils because it was 
established that its increase is due to civil and industrial activities, like coal and oil 
combustion, pesticide and dye use, but especially to vehicular traffic (USEPA, 2006). 
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Figure 4.4 
Total copper content and its fractions in soils of urban green areas of the city of Pisa 
 
Total Cu 
 
Total Cu and fractions 
 
C
u
 
c
o
n
t
e
n
t
 
(
m
g
 
C
u
 
*
 
k
g
-
1
 
s
o
i
l
)
 
 
Different letters identifies total copper data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total copper in residential areas (DLgs 152/2006). 
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As to the various forms of the element in the soil, it should be noted that the labile 
fraction was absent in all areas. Most of this element was found in the residual fraction 
(approximately 60% of the total) while in the oxidizable and reducible forms smaller 
quantities were found (10-20% and 20-30% respectively). In areas with a significant 
enrichment of the element, this was added to the reducible and oxidizable fractions that 
reached almost 60% of the total. The residual fraction seemed to be affected only 
marginally by the added element. These results are in disagreement with the ones 
recorded in the literature, where, in most cases, Cu was mostly found in the organic matter 
bound fraction (Wilcke et al., 1998; Thuy et al., 2000; Öborn & Linde, 2001; Imperato et al., 
2003; Davidson et al., 2006). 
 
Table 4.4 
 
 
 
 
Reference
Fe Samples I geo EF PI
1 1,81 124,91 1,29 3,38 3,67
2 2,24 69,26 0,44 1,52 2,04
3 2,30 74,95 0,56 1,60 2,20 < 0 Unpolluted
4 1,94 76,82 0,59 1,94 2,26 0 - 1 Unpolluted to minimally polluted
5 1,97 57,68 0,18 1,43 1,70 1 - 2 Moderately polluted
6 2,10 91,03 0,84 2,12 2,68 2 - 3 Moderately to strong polluted
7 2,40 100,48 0,98 2,05 2,96 3 - 4 Strongly polluted
8 1,93 34,23 -0,58 0,87 1,01 4 - 5 Strongly to extremely high polluted
9 2,16 47,74 -0,10 1,08 1,40 > 5 Extremely polluted
10 2,21 61,23 0,26 1,36 1,80
11 2,35 77,66 0,61 1,62 2,28
12 1,90 74,09 0,54 1,91 2,18
13 1,58 70,03 0,46 2,17 2,06 < 2 Minimal enrichment
14 2,04 62,55 0,29 1,50 1,84 2 - 5 Moderate enrichment
15 2,03 64,82 0,35 1,56 1,91 5 - 20 Significant enrichment
16 1,81 30,94 -0,72 0,84 0,91 20 - 40 Very high enrichment
17 2,30 56,17 0,14 1,20 1,65 > 40 Extremely high enrichment
18 1,90 37,06 -0,46 0,96 1,09
19 2,50 54,39 0,09 1,07 1,60
20 2,43 54,12 0,09 1,09 1,59
21 1,98 62,63 0,30 1,55 1,84 < 1 low
22 1,77 57,18 0,17 1,58 1,68 1 - 3 middle
23 2,49 68,40 0,42 1,35 2,01 > 3 high
24 2,15 70,59 0,47 1,61 2,08
25 3,02 80,82 0,66 1,31 2,38
26 2,24 62,98 0,30 1,38 1,85
27 1,84 46,31 -0,14 1,23 1,36
28 1,97 44,71 -0,19 1,11 1,32
29 2,47 68,90 0,43 1,37 2,03
30 2,26 64,38 0,34 1,40 1,89
31 2,00 142,35 1,48 3,49 4,19
mean 2,13 67,40 0,40 1,55 1,98
Control 1,58 32,24
Background 34,00
Indexes for Cu contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Cu
Site Legend
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Lead 
Lead contents of urban soils of Pisa are reported in figure 4.5. As previously 
explained, in the left part of the figure we can see the Pb total content of control and all 31 
monitored sites, while in the right part of the figure we can see the data obtained from 
speciation of the element only for the control site and for the 17 overall most polluted 
areas.  
Lead total content varied fluctuating in a wide range between 275.4 and 19.6 mg kg-1 
of dry soil, characterized by a mean of 83.6 and a median of 52.0 mg kg-1 soil. In the control 
site Pb content was 24.5 mg kg-1 soil, statistically not different from that observed in a 
relatively small fraction (≅16%) of the monitored areas, and practically comparable with 
the values of 18.0 mg kg-1 soil, found, in a monitoring research on Italian agricultural soils 
background, concerning the Province of Pisa (APAT, 2003) and of 26.0 mean of Italian soil 
backgrounds (Bini et al., 1988). 
 
Table 4.5 
Reference
Fe Samples I geo EF PI
1 1,81 79,97 1,04 2,85 3,08
2 2,24 40,16 0,04 1,16 1,54
3 2,30 94,89 1,28 2,66 3,65 < 0 Unpolluted
4 1,94 211,19 2,44 7,02 8,12 0 - 1 Unpolluted to minimally polluted
5 1,97 43,20 0,15 1,41 1,66 1 - 2 Moderately polluted
6 2,10 72,22 0,89 2,22 2,78 2 - 3 Moderately to strong polluted
7 2,40 51,97 0,41 1,40 2,00 3 - 4 Strongly polluted
8 1,93 31,80 -0,29 1,06 1,22 4 - 5 Strongly to extremely high polluted
9 2,16 28,58 -0,45 0,85 1,10 > 5 Extremely polluted
10 2,21 30,75 -0,34 0,90 1,18
11 2,35 34,20 -0,19 0,94 1,32
12 1,90 54,33 0,48 1,84 2,09
13 1,58 150,62 1,95 6,15 5,79 < 2 Minimal enrichment
14 2,04 82,13 1,07 2,60 3,16 2 - 5 Moderate enrichment
15 2,03 193,15 2,31 6,13 7,43 5 - 20 Significant enrichment
16 1,81 29,63 -0,40 1,06 1,14 20 - 40 Very high enrichment
17 2,30 38,93 0,00 1,09 1,50 > 40 Extremely high enrichment
18 1,90 44,16 0,18 1,50 1,70
19 2,50 21,46 -0,86 0,55 0,83
20 2,43 31,46 -0,31 0,83 1,21
21 1,98 144,08 1,89 4,69 5,54 < 1 low
22 1,77 228,29 2,55 8,31 8,78 1 - 3 middle
23 2,49 47,91 0,30 1,24 1,84 > 3 high
24 2,15 103,80 1,41 3,11 3,99
25 3,02 85,57 1,13 1,83 3,29
26 2,24 31,51 -0,31 0,91 1,21
27 1,84 104,97 1,43 3,68 4,04
28 1,97 19,61 -0,99 0,64 0,75
29 2,47 41,15 0,08 1,07 1,58
30 2,26 143,39 1,88 4,09 5,52
31 2,00 275,33 2,82 8,87 10,59
mean 2,13 83,56 1,10 2,53 3,21
Control 1,58 24,51
Background 26,00
Pollution index (PI)
Pb
Site Legend
Indexes for Pb contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
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Figure 4.5 
Total lead content and its fractions in soils of urban green areas of the city of Pisa 
 
Total Pb 
 
Total Pb and fractions 
  
Different letters identifies total lead data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total lead in residential areas (DLgs 152/2006). 
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In all the other areas higher values were detected, and the limit of 100.0 mg kg-1 soil, 
established by Italian legislation for residential use areas in Legislative Decree 152/2006 
(Repubblica Italiana, 2006) was found exceeding in approximately 30% of the monitored 
areas.  
Contamination assessment indexes were reported in table 4.5; after examining it we 
can see that approximately 30% of the examined sites showed an Igeo typical of 
moderately polluted areas, while 13% has been classified as tending to a strong pollution. 
EF displayed a moderate enrichment in 25% of the cases, while 16% of Pisa urban soils 
showed a Pb significant enrichment. PI classified 42% of the examined areas as strong 
polluted and 48% as midly polluted. On average, Pisa urban soils showed a Pb Igeo of 
1.10, typical of minimally polluted areas, while EF (2.58) indicated a moderate 
anthropogenic enrichment, and finally PI (3.21) showed a situation at the edge of a high 
pollution. 
 The quantities of total Pb measured in the urban areas of the city of Pisa, although 
considerably lower than those measured in the coastal cities of Tuscany (Bretzel & 
Calderisi, 2006), they are comparable to those found in several cities in Italy, like Bologna , 
(Gherardi et al., 2009), Ancona (Businelli et al., 2009), Avellino and Caserta (Cicchella et al., 
2008a) and in the world, like Ulaanbaatar (Batjargal et al., 2010), Shangai (Shi et al., 2008), 
Berlin (Birke & Rauch, 2000), and Trondheim (Andersson et al., 2010). 
Since we can find Pb in a small part of the pedogenic substrate in the coastal Tuscany 
(APAT, 2003), Pb is assumed to have an anthropogenic origin due to its use in paints, 
glass, car batteries and electronic wastes. (USEPA, 2006). Undoubtedly, however, its main 
source was its use as additive in gasoline vehicular traffic, since tetraethyl lead had been 
for years the main antiknock agent in petrol. Its use is now banned by law in many areas 
in the world, but it has been accumulating for almost a century. Urban soils can be 
considered as the “historical memory” of this use. 
As to the various forms of the element in the soil, labile and oxidizable fractions and 
oxidizable were poorly present in all areas. Everywhere, the majority of the element was 
found in the reducible fraction (70-80% of the total) while the residual fraction was found 
in smaller quantities (15-25%). In areas with a high total content of this element, this was 
added uniformly to all the individual fractions, not thereby altering their percentage 
distribution. These results are in full agreement with the one recovered in the urban soil of 
several cities worldwide. In most cases, although in different types of soils and climates, 
the most prevalent form of Pb was the reducible one, tied to soil oxides and hydroxides of 
Fe and Mn, followed by the residual. (Wong & Li 2004; Davidson et al., 2006 ; Yang et al., 
2006). 
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Zinc 
Zinc contents of Pisa urban soils are shown in figure 4.6. As previously pointed out, 
the left part of the figure includes the Zn total content of control and all 31 monitored sites, 
in the right part we can see the data obtained from fractionation of the element  only for 
the control site and for the 17 overall most polluted areas.  
Zinc total content varied fluctuating in a very wide range between 61.7 and 522.7 mg 
kg-1 of dry soil, characterized by a mean of 121.5 and a median of 96.7 mg kg-1 soil. In the 
control site, Zn content was 51.0 mg kg-1 soil, statistically lower from that observed in 
nearly all monitored areas (only one site presented the same value of the control), and  
slightly lower than the values of 94.0 mg kg-1 soil, typical of the agricultural soils 
background of the Province of Pisa (APAT, 2003) and of 68.0 mean of Italian soils 
background (Bini et al., 1988). 
 
Table 4.6 
 
Reference
Fe Samples I geo EF PI
1 1,81 146,50 0,52 2,51 2,15
2 2,24 100,90 -0,02 1,40 1,48
3 2,30 155,90 0,61 2,10 2,29 < 0 Unpolluted
4 1,94 133,70 0,39 2,14 1,97 0 - 1 Unpolluted to minimally polluted
5 1,97 96,60 -0,08 1,52 1,42 1 - 2 Moderately polluted
6 2,10 96,70 -0,08 1,43 1,42 2 - 3 Moderately to strong polluted
7 2,40 165,20 0,70 2,13 2,43 3 - 4 Strongly polluted
8 1,93 90,90 -0,17 1,46 1,34 4 - 5 Strongly to extremely high polluted
9 2,16 64,40 -0,66 0,92 0,95 > 5 Extremely polluted
10 2,21 117,30 0,20 1,64 1,73
11 2,35 76,20 -0,42 1,00 1,12
12 1,90 84,30 -0,27 1,37 1,24
13 1,58 160,00 0,65 3,14 2,35 < 2 Minimal enrichment
14 2,04 110,20 0,11 1,67 1,62 2 - 5 Moderate enrichment
15 2,03 131,20 0,36 2,00 1,93 5 - 20 Significant enrichment
16 1,81 83,50 -0,29 1,43 1,23 20 - 40 Very high enrichment
17 2,30 78,30 -0,38 1,05 1,15 > 40 Extremely high enrichment
18 1,90 79,90 -0,35 1,30 1,18
19 2,50 68,90 -0,57 0,85 1,01
20 2,43 82,80 -0,30 1,06 1,22
21 1,98 150,30 0,56 2,35 2,21 < 1 low
22 1,77 205,30 1,01 3,59 3,02 1 - 3 middle
23 2,49 87,90 -0,21 1,09 1,29 > 3 high
24 2,15 110,70 0,12 1,60 1,63
25 3,02 131,00 0,36 1,34 1,93
26 2,24 77,40 -0,40 1,07 1,14
27 1,84 90,30 -0,18 1,52 1,33
28 1,97 61,70 -0,73 0,97 0,91
29 2,47 84,20 -0,28 1,06 1,24
30 2,26 121,50 0,25 1,67 1,79
31 2,00 522,70 2,36 8,10 7,69
mean 2,13 121,50 0,25 1,77 1,79
Control 1,58 51,00
Background 68,00
Pollution index (PI)
Zn
Site Legend
Indexes for Zn contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
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Figure 4.6 
Total zinc content and its fractions in soils of urban green areas of the city of Pisa 
 
Total Zn 
 
Total Zn and fractions 
 
 
Different letters identifies total zinc data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total zinc in residential areas (DLgs 152/2006). 
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Many of the monitored areas showed a similar content, about 100 mg kg-1 soil, while 
approximately in 20% of cases was exceeded the limit of 150.0 mg kg-1 soil, established by 
Italian legislation for residential use areas in Legislative Decree 152/2006 (Repubblica 
Italiana, 2006) was exceeded.  
Contamination assessment indexes for Zn were reported in table 4.6. Igeo classified 
the vast majority of sites as not polluted, noting only one as moderately polluted, while EF 
showed a moderate enrichment in 25% of the areas , monitoring a significant enrichment 
only in one site. PI classified 16% of the examined areas as midly polluted and 6% as 
strong polluted. On average, Pisa urban soils showed Igeo and EF indicating an overall 
absence of Zn anthropogenic enrichment, while PI revealed a middle pollution situation. 
 The quantities of total Zn of the urban areas of the city of Pisa, are comparable to 
those reported for the coastal cities of Tuscany by Bretzel and Calderisi (2006), and they 
are very similar to those measured in different Italian cities such as Palermo (Salvagio-
Manta et al., 2002), Caserta and Avellino (Cicchella et al., 2008a), Bologna and Cesena 
(Gherardi et al., 2009). Even in the urban soils of other cities in the world similar values 
were found, as in Bangkok (Wilcke et al., 1998), Tallinn (Bityukova et al., 2000), Seville 
(Davidson et al., 2006), Hong Kong (Li et al., 2004), Berlin (Birke & Rauch, 2000), and 
Trondheim (Andersson et al., 2010). 
Zinc not constituting, in the area around the city of Pisa, a dominant fraction of the 
pedogenic substratum (APAT, 2003), it is assumed that the anthropogenic contribution 
would be consistent. Apart from the metallurgic and galvanic industry and the usual 
sources of metal contamination such as waste treatment and fuel burning, the main source 
of urban environment Zn enrichment was demonstrated to be vehicular traffic: in fact zinc 
environment emissions may originate from wearing of brake lining, tires and road paved 
surfaces, losses of oil and cooling liquid, and corrosion of galvanized steel safety fence and 
other road furniture (Blok, 2005). 
Regarding the fractionation of the element in its different soil forms, the labile 
fraction, absent in the control, is present in all other areas, more marked in sites that show 
a higher total content. Zn accumulation is localized mostly in the reducible fraction that 
overcomes a 25% in areas with low zinc content up to 40-50% in the areas with the greatest 
degree of pollution. The oxidizable fraction, absent in the control, show relatively low 
values in all other areas (about 5%). The residual fraction is around 50% on average of the 
total and seems to suffer a marginal accumulation of the element. While considering that 
chemical speciation of soil Zn did not give consistent results in various areas of the world, 
these results are in agreement with the ones recovered in urban soil of Honolulu by 
Sutherland and Tack (2000), and Nanjing by Lu et al. (2003). Instead, in other experiences 
Zn soil was found to be concentrated in the labile forms (Öborn & Linde, 2001; Plyaskina 
& Ladonin, 2009), or equally distributed in the various fractions (Davidson et al., 2006). 
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Chromium 
Chromium contents of urban soils of Pisa are reported in figure 4.7. As explained 
above, the left part of the figure shows the Cr total content of control and all 31 monitored 
sites, the right one displays data obtained from the element speciation only for the control 
site and for the 17 overall most polluted areas. 
Chromium total content varied fluctuating in a wide range between 46.4 and 227.5 
mg kg-1 of dry soil, characterized by a mean of 71.2 and a median of 57.6 mg kg-1 soil. 
The control site showed a Cr total value of 39.8 mg kg-1 soil, statistically lower than 
those observed in all the other areas, and considerably less than 95.0 mg kg-1 soil, 
representing Italian soil background of the element (Bini et al., 1988). In all the other areas, 
values higher than control were detected. In most areas contents around 50-60 mg kg-1 soil 
were found, only a few exceeding 100 mg kg-1 soil. In only two areas (6% of cases) the 
value of 150 mg kg-1 soil has been exceeded, limit established by Italian legislation for 
residential use areas in Legislative Decree 152/2006 (Repubblica Italiana, 2006).  
Table 4.7 
Reference
Fe Samples I geo EF PI
1 1,81 115,00 0,95 2,52 2,89
2 2,24 62,60 0,07 1,11 1,57
3 2,30 59,60 0,00 1,03 1,50 < 0 Unpolluted
4 1,94 48,50 -0,30 0,99 1,22 0 - 1 Unpolluted to minimally polluted
5 1,97 52,40 -0,19 1,06 1,32 1 - 2 Moderately polluted
6 2,10 49,40 -0,27 0,93 1,24 2 - 3 Moderately to strong polluted
7 2,40 68,60 0,20 1,13 1,72 3 - 4 Strongly polluted
8 1,93 218,00 1,87 4,48 5,48 4 - 5 Strongly to extremely high polluted
9 2,16 57,60 -0,05 1,06 1,45 > 5 Extremely polluted
10 2,21 61,20 0,04 1,10 1,54
11 2,35 56,40 -0,08 0,95 1,42
12 1,90 48,20 -0,31 1,01 1,21
13 1,58 49,50 -0,27 1,24 1,24 < 2 Minimal enrichment
14 2,04 54,00 -0,14 1,05 1,36 2 - 5 Moderate enrichment
15 2,03 51,00 -0,23 1,00 1,28 5 - 20 Significant enrichment
16 1,81 227,50 1,93 4,99 5,72 20 - 40 Very high enrichment
17 2,30 56,80 -0,07 0,98 1,43 > 40 Extremely high enrichment
18 1,90 51,70 -0,21 1,08 1,30
19 2,50 67,50 0,18 1,07 1,70
20 2,43 58,90 -0,02 0,96 1,48
21 1,98 59,20 -0,01 1,19 1,49 < 1 low
22 1,77 46,40 -0,36 1,04 1,17 1 - 3 middle
23 2,49 61,50 0,04 0,98 1,55 > 3 high
24 2,15 57,80 -0,05 1,07 1,45
25 3,02 94,40 0,66 1,24 2,37
26 2,24 55,90 -0,09 0,99 1,40
27 1,84 52,90 -0,17 1,14 1,33
28 1,97 51,50 -0,21 1,04 1,29
29 2,47 67,90 0,19 1,09 1,71
30 2,26 57,10 -0,06 1,00 1,43
31 2,00 87,90 0,56 1,74 2,21
mean 2,13 71,19 0,25 1,33 1,79
Control 1,58 39,80
Background 39,80
Pollution index (PI)
Cr
Site Legend
Indexes for Cr contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
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Figure 4.7 
Total chromium content and its fractions in soils of urban green areas of the city of Pisa 
 
Total Cr 
 
Total Cr and fractions 
  
Different letters identifies total chromium data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total chromium in residential areas (DLgs 152/2006). 
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Contamination assessment indexes were reported in table 4.7. It should be noted that 
the value related to agricultural soils background of the Province of Pisa was not available, 
that is why, for the calculation of Igeo and PI, indexes to assess contamination, control 
value was utilized. Examination of Igeo revealed that approximately 94% of the monitored 
sites showed an insignificant level of pollution, while the remaining 6% (two sites) were 
classified as moderately polluted. EF displayed a general situation of minimal enrichment, 
while about 10% of the areas showed a moderate enrichment. PI, more severe index, 
classified 94% of the examined areas as middle polluted and the remaining 6% as high 
polluted. On average, Pisa urban soils Igeo and EF for Cr showed a non-anthropogenic 
enrichment, while PI showed a situation of middle pollution. 
 The quantities of total Cr measured in urban areas of the city of Pisa are comparable 
with those found in several cities in Italy, such as Palermo (Salvagio-Manta et al., 2002), 
Roma (Cenci et al., 2008), Ancona (Businelli et al., 2009), and Cesena (Gherardi et al., 2009), 
and in several cities worldwide, such as Bangkok (Wilcke et al., 1998), Berlin (Birke & 
Rauch, 2000), Damascus (Moller et al., 2005), Seville and Ljubljana (Davidson et al., 2006), 
Turku (Salonen & Korkka-Niemi, 2007), and Izmit (Canbay et al., 2010). 
From the analysis of the average data of Igeo and EF, which showed in the urban 
soils of Pisa the absence of Cr pollution and enrichment of anthropogenic origin, the 
element presence in soils can be supposed originated mainly from lithogenic substrate. 
However, not being  originated from human activities typical of the urban areas such as 
traffic and domestic heating, it must be assumed that the strong enrichment of the 
element, registered in some areas, particularly in the sites number 8 and 16, must be due to 
the disposal of Cr contaminated soil or waste, such as tannery sludge or similar. 
As to the chemical speciation of Cr in soil, figure 4.7 shows that the labile fraction 
was absent in all areas. In sites with a Cr total content similar to control, the majority of the 
element was found in the residual fraction (70-80% of the total), while in the reducible and 
oxidizable ones lower quantities were found (8-10% and 10-15% respectively). In areas that 
registered an enrichment of the element, this should be to increase the reducible fraction 
(15%) and, above all, the oxidisable one that reaches 50% of the total. The residual fraction 
seems to suffer a marginal additions’ item. 
These results are in full agreement with the ones recovered in the literature regarding 
the urban soil of several cities worldwide. In fact, in urban soils of Nanjing (Lu et al., 2003), 
Xuxzhou (Wang et al., 2006), Moscow (Plyaskina & Ladonin, 2009) and in those of five 
European cities (Davidson et al., 2006), the most prevalent form of Cr was the residual one, 
highlighting, in conditions of normal enrichment, Cr scarce bioavailability. This 
experience, however, showed an increase of the Cr bioavailability following a substantial 
enrichment of its soils. 
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Nickel 
Nickel contents of Pisa urban soils are reported in figure 4.8. As previously 
explained, in the figure, the left part reported the Ni total content of control and all 31 
monitored sites, the right one the fractionation data of the element  only for the control site 
and for the 17 overall most polluted areas.  
Nickel total content varied fluctuating in a narrow range between 43.0 and 77.1 mg 
kg-1 of dry soil, characterized by a mean of 55.2 and a median of 54.0 mg kg-1 soil. Nickel 
content of the control site was 40.1 mg kg-1 soil, statistically lower from that observed in 
nearly all monitored areas (only one site presented the same value of the control), and 
slightly lower than the values of 65.0 mg kg-1 soil, typical of the agricultural soils 
background of the Province of Pisa (APAT, 2003) and of 50.0 mg kg-1 soil, mean of Italian 
soil backgrounds (Bini et al., 1988). 
 
Table 4.8 
 
Reference
Fe Samples I geo EF PI
1 1,81 50,30 -0,95 1,09 0,77
2 2,24 55,90 -0,80 0,98 0,86
3 2,30 57,20 -0,77 0,98 0,88 < 0 Unpolluted
4 1,94 48,00 -1,02 0,97 0,74 0 - 1 Unpolluted to minimally polluted
5 1,97 45,80 -1,09 0,92 0,70 1 - 2 Moderately polluted
6 2,10 51,20 -0,93 0,96 0,79 2 - 3 Moderately to strong polluted
7 2,40 69,50 -0,49 1,14 1,07 3 - 4 Strongly polluted
8 1,93 52,80 -0,88 1,08 0,81 4 - 5 Strongly to extremely high polluted
9 2,16 57,80 -0,75 1,05 0,89 > 5 Extremely polluted
10 2,21 58,70 -0,73 1,05 0,90
11 2,35 59,30 -0,72 0,99 0,91
12 1,90 49,00 -0,99 1,02 0,75
13 1,58 43,20 -1,17 1,08 0,66 < 2 Minimal enrichment
14 2,04 52,20 -0,90 1,01 0,80 2 - 5 Moderate enrichment
15 2,03 53,50 -0,87 1,04 0,82 5 - 20 Significant enrichment
16 1,81 49,10 -0,99 1,07 0,76 20 - 40 Very high enrichment
17 2,30 57,20 -0,77 0,98 0,88 > 40 Extremely high enrichment
18 1,90 48,90 -1,00 1,01 0,75
19 2,50 66,20 -0,56 1,04 1,02
20 2,43 62,10 -0,65 1,01 0,96
21 1,98 54,00 -0,85 1,07 0,83 < 1 low
22 1,77 43,00 -1,18 0,96 0,66 1 - 3 middle
23 2,49 60,90 -0,68 0,96 0,94 > 3 high
24 2,15 61,20 -0,67 1,12 0,94
25 3,02 77,10 -0,34 1,01 1,19
26 2,24 56,00 -0,80 0,99 0,86
27 1,84 49,50 -0,98 1,06 0,76
28 1,97 50,40 -0,95 1,01 0,78
29 2,47 65,60 -0,57 1,05 1,01
30 2,26 56,30 -0,79 0,98 0,87
31 2,00 48,60 -1,00 0,96 0,75
mean 2,13 55,18 -0,82 1,02 0,85
Control 1,58 40,10
Background 65,00
Indexes for Ni contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Ni
Site Legend
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Figure 4.8 
Total nickel content and its fractions in soils of urban green areas of the city of Pisa 
 
Total Ni 
 
Total Ni and fractions 
 
 
Different letters identifies total nickel data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total nickel in residential areas (DLgs 152/2006). 
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Many of the monitored areas showed a similar content, about 60 mg kg-1 soil, while in 
only two sites (6% of cases) the amount of about 70 mg kg-1 soil is slightly exceeded, 
however distant from the limits of 120 mg kg-1 soil, established by Italian legislation for 
residential use areas in Legislative Decree 152/2006 (Repubblica Italiana, 2006).  
Contamination assessment indexes for Ni were shown in table 4.8. Both Igeo that EF 
did not reveal any situation of enrichment or soil pollution by Ni, while PI showed, in 13% 
of cases, signs of a modest, initial contamination. All in all, I can say that the indexes of 
contamination showed the absence of a significant anthropogenic Ni enrichment in urban 
soils of Pisa. 
 The quantities of total Ni of urban areas of the city of Pisa, are equal to those 
reported for the coastal cities of Tuscany by Bretzel and Calderisi (2006), and are very 
similar to those measured in different Italian cities, such as Sesto S. Giovanni (Torretta et 
al., 2005), Ancona (Businelli et al., 2009), and Bologna (Gherardi et al., 2009). Even in urban 
soils of other cities in the world we can see similar values, i.e. in Glasgow (Hursthouse et 
al., 2004), Seville and Ljubljana (Davidson et al., 2006), and Trondheim (Andersson et al., 
2010). 
From the analysis of the average data of Igeo and EF, which showed the absence of 
Ni pollution and enrichment of anthropogenic origin in urban soils of Pisa, the element 
presence in soils can be supposed to be from lithogenic substrate, as indeed shown by the 
data relating to the province of Pisa in a monitoring work carried out by APAT (2003) on 
Italian agricultural soils. 
Regarding chemical fractionation of Ni in its different soil forms, the labile fraction, 
was present in small quantities (about 3%) in almost all areas, while reducible and 
oxidizable fractions had a similar consistency, both being around 16-17% of the overall 
content, and, finally, the residual fraction was clearly prevalent, accounting for about 65% 
of the total. These results are in complete agreement with those found by Davidson et al. 
(2006) in the urban soils from five European cities, by Thums et al. (2008) in an urban 
brownfield of Wolverhampton, and by Plyaskina & Ladonin (2009) in urban soils of 
Moscow, Russia. 
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Manganese 
Manganese values of Pisa urban soils are shown in figure 4.9. In the figure, the left 
part reported the Mn total content of control and all 31 monitored sites, the right one the 
fractionation data of the element  only for the control site and for the 17 overall most 
polluted areas.  
Manganese total content varied fluctuating in a fairly wide range between 1063 and 
509 mg kg-1 of dry soil, characterized by a mean of 705 and a median of 696 mg kg-1 soil. 
Manganese content of the control site was 526 mg kg-1 soil, statistically lower from that 
observed in nearly all monitored areas (only two site presented the same value of the 
control), and  significantly lower than the values of 873 mg kg-1 soil, mean of Italian soil 
backgrounds (Bini et al., 1988). 
 
Table 4.9 
 
Reference
Fe Samples I geo EF PI
1 1,81 668 -0,24 1,11 1,27
2 2,24 704 -0,16 0,94 1,34
3 2,30 765 -0,04 1,00 1,45 < 0 Unpolluted
4 1,94 746 -0,08 1,16 1,42 0 - 1 Unpolluted to minimally polluted
5 1,97 509 -0,63 0,78 0,97 1 - 2 Moderately polluted
6 2,10 702 -0,17 1,00 1,33 2 - 3 Moderately to strong polluted
7 2,40 863 0,13 1,08 1,64 3 - 4 Strongly polluted
8 1,93 632 -0,32 0,98 1,20 4 - 5 Strongly to extremely high polluted
9 2,16 688 -0,20 0,96 1,31 > 5 Extremely polluted
10 2,21 696 -0,18 0,95 1,32
11 2,35 819 0,05 1,05 1,56
12 1,90 606 -0,38 0,96 1,15
13 1,58 687 -0,20 1,31 1,31 < 2 Minimal enrichment
14 2,04 614 -0,36 0,90 1,17 2 - 5 Moderate enrichment
15 2,03 658 -0,26 0,97 1,25 5 - 20 Significant enrichment
16 1,81 538 -0,55 0,89 1,02 20 - 40 Very high enrichment
17 2,30 708 -0,16 0,92 1,35 > 40 Extremely high enrichment
18 1,90 649 -0,28 1,03 1,23
19 2,50 740 -0,09 0,89 1,41
20 2,43 704 -0,16 0,87 1,34
21 1,98 664 -0,25 1,01 1,26 < 1 low
22 1,77 677 -0,22 1,15 1,29 1 - 3 middle
23 2,49 804 0,03 0,97 1,53 > 3 high
24 2,15 688 -0,20 0,96 1,31
25 3,02 1063 0,43 1,06 2,02
26 2,24 700 -0,17 0,94 1,33
27 1,84 640 -0,30 1,04 1,22
28 1,97 589 -0,42 0,90 1,12
29 2,47 798 0,02 0,97 1,52
30 2,26 782 -0,01 1,04 1,49
31 2,00 749 -0,08 1,12 1,42
mean 2,13 705 -0,16 0,99 1,34
Control 1,58 526
Background 526
Indexes for Mn contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Mn
Site Legend
Chapter 4 Results and discussion 
 
 
 
 
Figure 4.9 
Total manganese content and its fractions in soils of urban green areas of the city of Pisa 
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Different letters identifies total manganese data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
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Many of the monitored areas showed a similar content, about 700 mg kg-1 soil, while 
in only one site the amount of about 1.0 g kg-1 soil was exceeded. It was not possible to 
compare measured contents with law, because the Italian legislation does not set any limit 
values with regard to the content of this element in soil.  
Contamination assessment indexes for Mn were reported in table 4.9. Both Igeo that 
EF revealed no situation of enrichment or soil pollution by Mn, while PI showed a 
generalized situation of a medium-low pollution. In a few words, the indexes of 
contamination showed an absence of a significant anthropogenic Mn enrichment in the 
urban soils of Pisa. 
Researches on the content of Mn in urban soils worldwide are scarce; among the few 
ones found, values of the city of Pisa are comparable only to those of the city of Ljubljana 
(Davidson et al., 2006), and Pretoria, South Africa, (Okonkwo et al., 2009). 
From the analysis of the average data of Igeo and EF, which showed the absence of 
significative Mn pollution and enrichment of anthropogenic origin, the element presence 
in urban soils of Pisa must be supposed mostly from lithogenic substrate, as indeed shown 
by the data relating to Italian soil background (Bini et al., 1988). 
Concerning chemical fractionation of Mn in its different soil forms, predominant 
fractions were shown to be the reducible one, reaching an average of almost 50% in all 
areas, and the labile fraction, present in quantities of about 30% in almost all areas, while 
residual and oxidizable fractions had a smaller consistency, accounting respectively for 16-
19% and 3% of the overall content. These results disagree with those found by Okonkwo et 
al. (2009) in the urban soils of Pretoria, South Africa, which had shown the residual 
fraction to be the most represented, accounting for about 60% of the total. 
 
 
 
Cadmium 
Cadmium total contents of urban soils of Pisa are shown in figure 4.10. They varied 
fluctuating in a wide range between 0.13 and 1.90 mg kg-1 of dry soil, characterized by a 
mean of 0.35 and a median of 0.26 mg kg-1 soil. In the control site Cd content was 0.16 mg 
kg-1 soil, statistically not different from the one observed in most (≅90%) of the monitored 
areas, and slightly lower than the averages found in the literature for backgrounds of 
agricultural soils of the Province of Pisa (APAT, 2003), and the whole of Italian soils (Bini 
et al., 1988) (0.31 and 0.44 mg kg-1 soil, respectively). In the remaining 10% of the areas, 
higher values were detected, even if the limit of 2.0 mg kg-1 soil, established by Italian 
legislation for residential use areas in Legislative Decree 152/2006 (Repubblica Italiana, 
2006) was found almost exceeded in only one site. 
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Table 4.10 
Reference
Fe Samples I geo EF PI
1 1,81 0,31 -0,58 1,69 1,00
2 2,24 0,21 -1,15 0,93 0,68
3 2,30 0,93 1,00 3,99 3,00 < 0 Unpolluted
4 1,94 0,32 -0,54 1,63 1,03 0 - 1 Unpolluted to minimally polluted
5 1,97 0,19 -1,29 0,95 0,61 1 - 2 Moderately polluted
6 2,10 0,25 -0,90 1,18 0,81 2 - 3 Moderately to strong polluted
7 2,40 0,37 -0,33 1,52 1,19 3 - 4 Strongly polluted
8 1,93 0,27 -0,78 1,38 0,87 4 - 5 Strongly to extremely high polluted
9 2,16 0,14 -1,73 0,64 0,45 > 5 Extremely polluted
10 2,21 0,16 -1,54 0,71 0,52
11 2,35 0,24 -0,95 1,01 0,77
12 1,90 0,19 -1,29 0,99 0,61
13 1,58 0,34 -0,45 2,13 1,10 < 2 Minimal enrichment
14 2,04 0,26 -0,84 1,26 0,84 2 - 5 Moderate enrichment
15 2,03 0,35 -0,41 1,70 1,13 5 - 20 Significant enrichment
16 1,81 0,27 -0,78 1,47 0,87 20 - 40 Very high enrichment
17 2,30 0,19 -1,29 0,82 0,61 > 40 Extremely high enrichment
18 1,90 0,25 -0,90 1,30 0,81
19 2,50 0,19 -1,29 0,75 0,61
20 2,43 0,17 -1,45 0,69 0,55
21 1,98 0,47 0,02 2,34 1,52 < 1 low
22 1,77 0,55 0,24 3,07 1,77 1 - 3 middle
23 2,49 0,21 -1,15 0,83 0,68 > 3 high
24 2,15 0,39 -0,25 1,79 1,26
25 3,02 0,46 -0,02 1,50 1,48
26 2,24 0,19 -1,29 0,84 0,61
27 1,84 0,30 -0,63 1,61 0,97
28 1,97 0,13 -1,84 0,65 0,42
29 2,47 0,20 -1,22 0,80 0,65
30 2,26 0,53 0,19 2,32 1,71
31 2,00 1,90 2,03 9,38 6,13
mean 2,13 0,35 -0,40 1,63 1,14
Control 1,58 0,16
Background 0,31
Indexes for Cd contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Cd
Site Legend
Chapter 4 Results and discussion 
 
 
 
 
Figure 4.10 
 
Different letters identifies total elements data which are statistically different as tested with Tukey’s HSD test (p = 0.05). 
Red lines show limit of Italian Law for total element content in residential areas 
Blue line shows limit of Italian Law for total mercury content in industrial areas (DLgs 152/2006) 
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Contamination assessment indexes for Cd were reported in table 4.10. Examination of 
Igeo revealed that approximately 94% of the monitored sites showed  a minimum level of 
Cd pollution, while, between the remaining two sites, one was classified minimally 
polluted and the other from moderately to strong polluted. EF displayed no Cd 
enrichment in 80% of the areas, a moderate enrichment in 15% of the cases, while one site 
showed a Cd significant enrichment. PI classified 60% of the examined areas as not 
polluted and 35% as midly polluted, identifying a site as heavily polluted. On average, 
Pisa urban soils showed a Cd Igeo of -0.40, typical of unpolluted areas, also EF (1.63) 
indicated a minimal Cd anthropogenic enrichment, and finally PI (1,14) showed a 
situation tending towards a very slight pollution.  
 The quantities of total Cd measured in urban areas of the city of Pisa are comparable 
with those found in several cities in Italy, like Naples (Cicchella et al., 2008b), Ancona 
(Businelli et al., 2009), Benevento and Avellino (Cicchella et al., 2008a), and Rome (Cenci et 
al., 2008), and in the world, as Bangkok (Wickle et al., 1998), Berlin (Birke & Rauch, 2000), 
and Izmit (Canbay et al., 2010), while in most cities worldwide higher contents were 
found.  
 
 
Mercury 
Mercury total contents of urban soils of Pisa are reported in figure 4.10. They varied 
fluctuating in a very wide range between 0.036 and 9.609 mg kg-1 of dry soil, characterized 
by a mean of 0.863 and a median of 0.183 mg kg-1 soil. Mercury content of the control site 
was 0.081 mg kg-1 soil, statistically not different from that observed in most (≅80%) of the 
monitored areas, and similar to the averages found in the literature for world soils 
(Adriano, 2001), and continental crust (Rudnick & Gao, 2003)(0.06 and 0.05 mg kg-1 soil, 
respectively). In the remaining 20% of the areas, much higher values were detected, and 
the limit of 1.0 mg kg-1 soil, established by Italian legislation for residential use areas in 
Legislative Decree 152/2006 (Repubblica Italiana, 2006) was found exceeded. In two of 
these sites (6% of the total) the limit of 5.0 mg kg-1 soil, established for industrial use areas 
was even exceeded. 
Contamination assessment indexes for Hg were reported in table 4.11. Indexes 
examination revealed a complex and controversial picture. Igeo showed that more than 
50% of the areas show a minimum level of contamination from Hg, almost 30% reveals a 
moderate degree of pollution, while the remaining areas are divided between strongly and 
extremely polluted. EF displayed poor Hg enrichment in over 70% of the areas, more than 
20% of the cases showed a significant enrichment, while two sites revealed an extremely 
high degree of Hg enrichment. Unlike the other two indexes, PI classified only 10% of the 
examined areas as not polluted, middle and heavily polluted areas accounted both for 45% 
of the cases. On average, Pisa urban soils showed a Hg Igeo of 2.88, typical of polluted 
areas, also EF (7.89) indicated a significant Hg anthropogenic enrichment, and, finally, PI 
(10,65) showed a very high rate of pollution from Hg.  
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 The quantities of total Hg measured in urban areas of the city of Pisa are comparable 
with those found in several cities in Italy, as Naples (Cicchella et al., 2008b), Benevento, 
Caserta, Salerno and Avellino (Cicchella et al., 2008a), and Rome (Cenci et al., 2008), and in 
the world, as Chicago (Cannon & Horton, 2009), Berlin (Birke & Rauch, 2000), Bydgoszcz 
(Dąbkowska-Naskręt & Różański, 2007), Changchun (Fang et al., 2004) and Trondheim 
(Andersson et al., 2010).  
 
Table 4.11 
 
However, not being  originated from human activities typical of urban areas such as 
vehicular traffic and domestic heating, it must be assumed that the huge enrichment of 
Hg, registered in some areas, particularly in the sites number 1 and 14, must be due to the 
disposal of contaminated soil or waste, such as medical or industrial sludges or similar. 
 
 
Reference
Fe Samples I geo EF PI
1 1,81 5,749 5,56 61,96 70,98
2 2,24 0,183 0,59 1,59 2,26
3 2,30 0,323 1,41 2,74 3,99 < 0 Unpolluted
4 1,94 1,268 3,38 12,75 15,65 0 - 1 Unpolluted to minimally polluted
5 1,97 0,065 -0,90 0,64 0,80 1 - 2 Moderately polluted
6 2,10 0,708 2,54 6,58 8,74 2 - 3 Moderately to strong polluted
7 2,40 0,183 0,59 1,49 2,26 3 - 4 Strongly polluted
8 1,93 0,103 -0,24 1,04 1,27 4 - 5 Strongly to extremely high polluted
9 2,16 0,144 0,25 1,30 1,78 > 5 Extremely polluted
10 2,21 0,072 -0,75 0,64 0,89
11 2,35 0,100 -0,28 0,83 1,23
12 1,90 0,251 1,05 2,58 3,10
13 1,58 0,792 2,70 9,78 9,78 < 2 Minimal enrichment
14 2,04 9,609 6,31 91,88 118,63 2 - 5 Moderate enrichment
15 2,03 0,320 1,40 3,07 3,95 5 - 20 Significant enrichment
16 1,81 0,129 0,09 1,39 1,59 20 - 40 Very high enrichment
17 2,30 0,107 -0,18 0,91 1,32 > 40 Extremely high enrichment
18 1,90 0,100 -0,28 1,03 1,23
19 2,50 0,036 -1,75 0,28 0,44
20 2,43 0,081 -0,58 0,65 1,00
21 1,98 0,444 1,87 4,37 5,48 < 1 low
22 1,77 0,591 2,28 6,51 7,30 1 - 3 middle
23 2,49 0,109 -0,16 0,85 1,35 > 3 high
24 2,15 0,257 1,08 2,33 3,17
25 3,02 2,012 4,05 13,00 24,84
26 2,24 0,147 0,27 1,28 1,81
27 1,84 0,197 0,70 2,09 2,43
28 1,97 0,124 0,03 1,23 1,53
29 2,47 0,170 0,48 1,34 2,10
30 2,26 0,869 2,84 7,50 10,73
31 2,00 1,506 3,63 14,69 18,59
mean 2,13 0,863 2,83 7,89 10,65
Control 1,58 0,081
Background 0,081
Indexes for Hg contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Hg
Site Legend
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Other trace elements 
Arsenic total contents of urban soils of Pisa are reported in figure 4.11. They varied in 
a quite narrow range between 3.7 and 9.3 mg kg-1 of dry soil, characterized by a mean of 
5.7 and a median of 5.2 mg kg-1 soil. In the control site As content was 3.6 mg kg-1 soil, 
comparable to the average of the soils of the world (Adriano, 2001), but ten fold lower 
than the background of Italian soils (Bini et al., 1988). Blank site showed a value 
statistically identical to only a minority (6%) of the data collected in the monitored areas. 
In most of the other sites As total content was around 5-6 mg kg-1 soil, with rare exceptions 
(10% of the total) of higher values. Even in these areas, the limit of 20.0 mg kg-1 soil, 
established by Italian legislation for residential use areas in Legislative Decree 152/2006 
(Repubblica Italiana, 2006) was still very far. 
 
Table 4.12 
Reference
Fe Samples I geo EF PI
1 1,81 5,10 -0,08 1,24 1,42
2 2,24 5,10 -0,08 1,00 1,42
3 2,30 6,00 0,15 1,14 1,67 < 0 Unpolluted
4 1,94 9,00 0,74 2,04 2,50 0 - 1 Unpolluted to minimally polluted
5 1,97 5,30 -0,03 1,18 1,47 1 - 2 Moderately polluted
6 2,10 6,10 0,18 1,27 1,69 2 - 3 Moderately to strong polluted
7 2,40 5,70 0,08 1,04 1,58 3 - 4 Strongly polluted
8 1,93 3,90 -0,47 0,89 1,08 4 - 5 Strongly to extremely high polluted
9 2,16 4,90 -0,14 1,00 1,36 > 5 Extremely polluted
10 2,21 4,90 -0,14 0,97 1,36
11 2,35 5,10 -0,08 0,95 1,42
12 1,90 4,70 -0,20 1,09 1,31
13 1,58 6,90 0,35 1,92 1,92 < 2 Minimal enrichment
14 2,04 6,10 0,18 1,31 1,69 2 - 5 Moderate enrichment
15 2,03 6,20 0,20 1,34 1,72 5 - 20 Significant enrichment
16 1,81 3,70 -0,55 0,90 1,03 20 - 40 Very high enrichment
17 2,30 5,10 -0,08 0,97 1,42 > 40 Extremely high enrichment
18 1,90 5,20 -0,05 1,20 1,44
19 2,50 4,80 -0,17 0,84 1,33
20 2,43 5,10 -0,08 0,92 1,42
21 1,98 6,20 0,20 1,37 1,72 < 1 low
22 1,77 6,00 0,15 1,49 1,67 1 - 3 middle
23 2,49 5,50 0,03 0,97 1,53 > 3 high
24 2,15 5,20 -0,05 1,06 1,44
25 3,02 7,00 0,37 1,02 1,94
26 2,24 5,00 -0,11 0,98 1,39
27 1,84 4,60 -0,23 1,10 1,28
28 1,97 4,60 -0,23 1,02 1,28
29 2,47 8,00 0,57 1,42 2,22
30 2,26 6,20 0,20 1,20 1,72
31 2,00 9,30 0,78 2,04 2,58
mean 2,13 5,69 0,08 1,17 1,58
Control 1,58 3,60
Background 3,60
Indexes for As contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
As
Site Legend
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Figure 4.11 
Trace elements total content in soils of urban green areas of the city of Pisa 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
Chapter 4 Results and discussion 
 
 116
In fact, among contamination assessment indexes, also the Igeo and EF, reported in 
table 4.12 showed no sign of pollution or enrichment of the element in the soil. 
The quantities of total As measured in the urban areas of the city of Pisa are 
lower than those found in most Italian cities , except Benevento (Cicchella et al., 
2008a), whose soils showed similar values. In the world, we can see similar low 
values urban soils of Ibadan (Odewande & Abimbola, 2008), Berlin (Birke & Rauch, 
2000), and Trondheim (Andersson et al., 2010).  
Antimonium total contents of urban soils of Pisa are reported in figure 4.11. They 
varied fluctuating in a wide range between 0.19 and 3.91 mg kg-1 of dry soil, characterized 
by a mean of 0.75 and a median of 0.55 mg kg-1 soil. 
 
Table 4.13 
Reference
Fe Samples I geo EF PI
1 1,81 0,67 1,16 2,92 3,35
2 2,24 0,39 0,38 1,38 1,95
3 2,30 0,72 1,26 2,47 3,60 < 0 Unpolluted
4 1,94 1,54 2,36 6,27 7,70 0 - 1 Unpolluted to minimally polluted
5 1,97 0,77 1,36 3,09 3,85 1 - 2 Moderately polluted
6 2,10 0,55 0,87 2,07 2,75 2 - 3 Moderately to strong polluted
7 2,40 1,56 2,38 5,14 7,80 3 - 4 Strongly polluted
8 1,93 0,84 1,49 3,44 4,20 4 - 5 Strongly to extremely high polluted
9 2,16 0,19 -0,66 0,69 0,95 > 5 Extremely polluted
10 2,21 0,33 0,14 1,18 1,65
11 2,35 0,24 -0,32 0,81 1,20
12 1,90 0,31 0,05 1,29 1,55
13 1,58 1,08 1,85 5,40 5,40 < 2 Minimal enrichment
14 2,04 0,67 1,16 2,59 3,35 2 - 5 Moderate enrichment
15 2,03 1,15 1,94 4,48 5,75 5 - 20 Significant enrichment
16 1,81 0,25 -0,26 1,09 1,25 20 - 40 Very high enrichment
17 2,30 0,25 -0,26 0,86 1,25 > 40 Extremely high enrichment
18 1,90 0,39 0,38 1,62 1,95
19 2,50 0,21 -0,51 0,66 1,05
20 2,43 0,25 -0,26 0,81 1,25
21 1,98 0,90 1,58 3,59 4,50 < 1 low
22 1,77 1,45 2,27 6,47 7,25 1 - 3 middle
23 2,49 0,32 0,09 1,02 1,60 > 3 high
24 2,15 0,80 1,42 2,94 4,00
25 3,02 0,53 0,82 1,39 2,65
26 2,24 0,27 -0,15 0,95 1,35
27 1,84 0,74 1,30 3,18 3,70
28 1,97 0,28 -0,10 1,12 1,40
29 2,47 0,45 0,58 1,44 2,25
30 2,26 1,25 2,06 4,37 6,25
31 2,00 3,91 3,70 15,44 19,55
mean 2,13 0,75 1,32 2,78 3,75
Control 1,58 0,20
Background 0,20
Indexes for Sb contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Sb
Site Legend
 
 
Blank site showed a value of 0.20 mg kg-1, statistically identical to about 42% of the 
monitored areas. In most of the other sites Sb total content was in a range from 0.5 to 1.5 
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mg kg-1 soil, with the exception of a site that showed a sensibly higher value. 
Contamination assessment indexes for Sb were reported in table 4.13. Igeo examination 
revealed that over 50% of the areas showed a quite low level of pollution, while about 45% 
was moderately up to strong polluted and an area was classified as strongly polluted. Also 
EF highlighted a negligible Sb enrichment level in over 50% of the areas, while 30% 
showed a moderate enrichment and 16% a significant enrichment. PI, more severe index, 
revealed in about 50% of the areas a middle level of pollution while in the remaining ones 
showed a high level of pollution. On average, Pisa urban soils showed a Sb Igeo of 1.32, 
typical of minimally polluted areas, also EF (2.78) indicated only a moderate enrichment, 
otherwise PI (3,75) highlighted a high pollution level. 
Strontium total contents of urban soils of Pisa are reported in figure 4.11. They varied 
fluctuating in a wide range between 40.8 and 117.9 mg kg-1 of dry soil, characterized by a 
mean of 78.5 and a median of 78.1 mg kg-1 soil. 
 
Tabe 4.14 
Reference
Fe Samples I geo EF PI
1 1,81 78,10 -0,27 1,09 1,24
2 2,24 71,90 -0,39 0,81 1,14
3 2,30 85,20 -0,14 0,93 1,36 < 0 Unpolluted
4 1,94 97,30 0,05 1,26 1,55 0 - 1 Unpolluted to minimally polluted
5 1,97 47,00 -1,00 0,60 0,75 1 - 2 Moderately polluted
6 2,10 75,40 -0,32 0,90 1,20 2 - 3 Moderately to strong polluted
7 2,40 100,50 0,09 1,05 1,60 3 - 4 Strongly polluted
8 1,93 75,70 -0,32 0,99 1,21 4 - 5 Strongly to extremely high polluted
9 2,16 86,00 -0,13 1,00 1,37 > 5 Extremely polluted
10 2,21 54,10 -0,80 0,62 0,86
11 2,35 51,80 -0,86 0,55 0,82
12 1,90 65,30 -0,53 0,86 1,04
13 1,58 84,20 -0,16 1,34 1,34 < 2 Minimal enrichment
14 2,04 75,80 -0,31 0,93 1,21 2 - 5 Moderate enrichment
15 2,03 98,40 0,06 1,22 1,57 5 - 20 Significant enrichment
16 1,81 81,90 -0,20 1,14 1,30 20 - 40 Very high enrichment
17 2,30 73,40 -0,36 0,80 1,17 > 40 Extremely high enrichment
18 1,90 79,60 -0,24 1,05 1,27
19 2,50 40,80 -1,21 0,41 0,65
20 2,43 80,20 -0,23 0,83 1,28
21 1,98 65,60 -0,52 0,83 1,04 < 1 low
22 1,77 117,90 0,32 1,68 1,88 1 - 3 middle
23 2,49 70,50 -0,42 0,71 1,12 > 3 high
24 2,15 78,90 -0,26 0,92 1,26
25 3,02 90,10 -0,06 0,75 1,43
26 2,24 66,50 -0,50 0,75 1,06
27 1,84 94,80 0,01 1,30 1,51
28 1,97 72,90 -0,37 0,93 1,16
29 2,47 66,60 -0,50 0,68 1,06
30 2,26 105,20 0,16 1,17 1,68
31 2,00 101,00 0,10 1,27 1,61
mean 2,13 78,47 -0,26 0,93 1,25
Control 1,58 62,80
Background 62,80
Indexes for Sr contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Sr
Site Legend
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Blank site showed a value of 62.80 mg kg-1, statistically identical to about 10% of the 
monitored areas. Some of the other sites (about 13%) revealed a Sr total content lower than 
control, while the vast majority of the areas showed higher values. Contamination 
assessment indexes for Sb were reported in table 4.14. From both individual sites and 
average data analysis, Igeo and EF highlight no situation of Sr pollution or enrichment of 
urban soils of Pisa, while the IP detects a slight pollution degree. 
Tin total contents of urban soils of Pisa are reported in figure 4.11. They varied 
fluctuating in a wide range between 1.20 and 18.40 mg kg-1 of dry soil, characterized by a 
mean of 4.86 and a median of 3.00 mg kg-1 soil. Blank site showed a value of 1.00 mg kg-1, 
statistically equal to the majority (75%) of the monitored areas. In the other sites Sn total 
content was considerably higher always, passing the value of 6.00 mg kg-1 soil.  
 
Table 4.15 
Reference
Fe Samples I geo EF PI
1 1,81 4,50 1,58 3,93 4,50
2 2,24 2,10 0,49 1,48 2,10
3 2,30 4,50 1,58 3,09 4,50 < 0 Unpolluted
4 1,94 18,10 3,59 14,74 18,10 0 - 1 Unpolluted to minimally polluted
5 1,97 2,80 0,90 2,25 2,80 1 - 2 Moderately polluted
6 2,10 5,60 1,90 4,21 5,60 2 - 3 Moderately to strong polluted
7 2,40 8,00 2,42 5,27 8,00 3 - 4 Strongly polluted
8 1,93 1,50 0,00 1,23 1,50 4 - 5 Strongly to extremely high polluted
9 2,16 1,70 0,18 1,24 1,70 > 5 Extremely polluted
10 2,21 1,50 0,00 1,07 1,50
11 2,35 1,80 0,26 1,21 1,80
12 1,90 3,10 1,05 2,58 3,10
13 1,58 12,30 3,04 12,30 12,30 < 2 Minimal enrichment
14 2,04 4,50 1,58 3,49 4,50 2 - 5 Moderate enrichment
15 2,03 4,30 1,52 3,35 4,30 5 - 20 Significant enrichment
16 1,81 1,50 0,00 1,31 1,50 20 - 40 Very high enrichment
17 2,30 2,30 0,62 1,58 2,30 > 40 Extremely high enrichment
18 1,90 1,50 0,00 1,25 1,50
19 2,50 1,30 -0,21 0,82 1,30
20 2,43 1,70 0,18 1,11 1,70
21 1,98 6,20 2,05 4,95 6,20 < 1 low
22 1,77 13,10 3,13 11,69 13,10 1 - 3 middle
23 2,49 2,50 0,74 1,59 2,50 > 3 high
24 2,15 4,30 1,52 3,16 4,30
25 3,02 9,20 2,62 4,81 9,20
26 2,24 1,70 0,18 1,20 1,70
27 1,84 4,30 1,52 3,69 4,30
28 1,97 1,20 -0,32 0,96 1,20
29 2,47 2,20 0,55 1,41 2,20
30 2,26 3,00 1,00 2,10 3,00
31 2,00 18,40 3,62 14,54 18,40
mean 2,13 4,86 1,70 3,60 4,86
Control 1,58 1,00
Background 1,00
Indexes for Sn contamination assessment of urban soils of Pisa
Geochemical Index (Igeo)
Enrichment factor (EF)
Pollution index (PI)
Sn
Site Legend
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Contamination assessment indexes for Sn were reported in table 4.15. Igeo 
examination revealed that almost 50% of the areas showed an insignificant level of 
pollution, about 30% was moderately polluted and, finally, the remaining 20% tended 
towards a strong pollution. Also EF highlighted a negligible Sn enrichment level in over 
45% of the areas, while 38% showed a moderate enrichment and the remaining 16% a 
significant enrichment. PI, more severe index, revealed in over 50% of the areas a middle 
level of pollution while in the remaining ones showed a high pollution. On average, Pisa 
urban soils showed a moderate level of Sn pollution and enrichment, as classified by Igeo 
(1.70) and EF (3.60), otherwise PI (4,86) highlighted a high pollution level. 
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Table 4.16 
TPH Total As Total Cd Total Cr Total Cu Total Fe Total Hg Total Mn Total Ni Total Pb Total Sb Total Sn Total Sr Total Zn
TPH 1 0,085 0,129 -0,058 0,216 0,187 -0,137 0,248 0,345 0,072 0,286 0,118 0,315 0,174
Total As ns 1 0,586 -0,313 0,583 0,095 0,183 0,436 0,000 0,712 0,684 0,792 0,384 0,637
Total Cd ns ** 1 0,051 0,607 -0,061 0,078 0,215 -0,128 0,693 0,864 0,634 0,450 0,938
Total Cr ns ns ns 1 -0,164 -0,125 0,023 -0,153 -0,012 -0,188 0,000 -0,135 0,015 0,021
Total Cu ns ** ** ns 1 0,103 0,314 0,407 0,088 0,444 0,618 0,556 0,201 0,692
Total Fe ns ns ns ns ns 1 -0,116 0,780 0,931 -0,340 -0,238 -0,223 -0,198 -0,161
Total Hg ns ns ns ns ns ns 1 -0,044 -0,105 0,148 0,111 0,165 0,094 0,144
Total Mn ns * ns ns * ** ns 1 0,758 0,095 0,125 0,267 0,205 0,166
Total Ni ns ns ns ns ns ** ns ** 1 -0,387 -0,257 -0,262 -0,173 -0,202
Total Pb ns ** ** ns * ns ns ns * 1 0,822 0,847 0,675 0,744
Total Sb ns ** ** ns ** ns ns ns ns ** 1 0,801 0,569 0,935
Total Sn ns ** ** ns ** ns ns ns ns ** ** 1 0,587 0,743
Total Sr ns * ** ns ns ns ns ns ns ** ** ** 1 0,453
Total Zn ns ** ** ns ** ns ns ns ns ** ** ** ** 1
Correlations matrix among pollutants of urban soils of Pisa
 
Values marked with two asterisks are characterized by significant correlations with a probability level of 1%, those marked by a single asterisk indicate significant correlations at a 
probability level of 5%, as proposed by Pearson. Coefficients used to discriminate correlation significance were: 0.449 for p = 0.01 and 0.349 for p = 0.05 (Fisher, 1925). Correlations 
within yellow cells are negative. 
 
Data of the correlation analysis among Pisa urban soil pollutants are shown in table 4.16. An examination of the matrix shows that 
total hydrocarbons (TPH) were not correlated with any of the monitored pollutants. On the other hand, a different behaviour of this 
pollutant from inorganic pollutants has already been highlighted (Alloway, 2004; Dallarosa et al., 2008), although in other research a 
correlation between them has been demonstrated (Wang et al., 2004). Also total Cr and Hg contents showed no correlation between 
them nor with any other element, hinting a possible different source. From the overall data analysis we can clearly see the presence of 
two groups of correlated variables. The first one consisted of soil total contents in As, Cd, Pb, Sb, Sn, Zn and, albeit with a correlation 
degree often less strong, Cu and Sr. This correlation, regarding some or many of the elements identified here, was found in previous 
monitoring research on urban soils of different cities worldwide  (Carlosena et al., 1998; Mielke et al., 2000; Wang et al., 2004; Maisto et 
al., 2006; Sun et al., 2010 Iqbal & Shah, 2011) and, according to the authors, hinted a common origin, identified in the traffic. The second 
group of associated variables belonged the total content of Fe, Mn, and Ni. At the same time, Mn and Ni also showed weak correlations 
respectively with As and Cu,  and with Pb. It should be pointed out that the correlation Mn-Ni has already been found in the urban 
soils of New Orleans (Mielke et al., 2000), while correlation Mn-Fe was found in the urban soils of Islamabad (Iqbal & Shah, 2011).
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Principal Components Analysis of trace elements of urban areas of Pisa 
 
Table 4.17  
 
 
In table 4.17 eigenvalues for 
every factor identified by PCA from 
correlation matrix are reported. 
These values are used to determine 
how many factors to retain. Being 
the sum of the eigenvalues equal to 
the number of variables, the first 
factor retains the information 
contained in 5.850 of the original 
variables, the second in 2,857 and so 
on. Individual and cumulative 
percents columns give, respectively, 
the percentage  of  the  total  
variation  in the variables accounted 
for by every factor and the cumula- 
tive total of the percentage. Consequently, factor 1 accounted for 45% of the overall 
variation of the data. A cumulative percentage of 80% was chosen in setting PCA 
procedure, and factors to attain this percentage were kept. Scree plot, a rough bar plot of 
the eigenvalues that quickly highlights the relative size of each eigenvalue, shows that the 
first two factors are indeed the largest ones, but cumulative percentages show that the first 
four factors account for over 80% of the variation, moreover, only the first four 
eigenvalues are greater than one. So, they were retained and are highlighted in bold chara- 
 
Table 4.18 
Factor1 Factor2 Factor3 Factor4
Total As 0,333 0,165 -0,261 0,002
Total Cd 0,355 0,034 0,281 0,013
Total Cr -0,050 -0,118 0,840 -0,128
Total Cu 0,288 0,188 -0,019 -0,383
Total Fe -0,081 0,562 0,060 0,017
Total Hg 0,089 -0,046 -0,130 -0,839
Total Mn 0,104 0,538 0,018 0,087
Total Ni -0,101 0,547 0,152 -0,007
Total Pb 0,372 -0,107 -0,136 0,160
Total Sb 0,390 -0,046 0,150 0,050
Total Sn 0,372 -0,012 -0,113 0,078
Total Sr 0,262 -0,051 0,072 0,295
Total Zn 0,380 -0,005 0,212 -0,054
Variables
Eigenvectors
Factors
 
cter. From eigenvalue, 
individual percent and 
scree plot analysis, it is 
evident that also the fifth 
eigenvalue is several 
orders of magnitude 
larger than the sequent. 
Although being not 
significant, it certainly 
represents a particular 
artifact in the data: this is 
the price to pay for the 
PCA simplification of the 
data. Eigenvectors (table 
4.18) are the weights that 
relate original variables, 
and  may be  used  to de-  
Individual Cumulative
percent percent
1 5,8498 45,00 45,00 ||||||||||
2 2,8566 21,97 66,97 ||||
3 1,1554 8,89 75,86 ||
4 1,0772 8,29 84,15 ||
5 0,8372 6,44 90,59 ||
6 0,4169 3,21 93,79 |
7 0,3254 2,50 96,30 |
8 0,1350 1,04 97,34 |
9 0,1214 0,93 98,27 |
10 0,1033 0,79 99,06 |
11 0,0533 0,41 99,47 |
12 0,0422 0,32 99,80 |
13 0,0263 0,20 100,00 |
Eigenvalues
Scree PlotEigenvalueNo.
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termine  the  relative  importance of each variable in forming the factor. Therefore, it is 
clear that variables that had a greater weight on the factor 1 formation were, in order of 
relative importance, total contents of Sb, Zn, Sn, Pb, Cd, As, and in a lesser extent, Cu and 
Sr. From eigenvectors data examination, it is clear that other variables (total contents in Cr, 
Fe, Hg, Mn and Ni) played a negligible role in the formation of factor 1. Total Fe, Mn and 
Ni are the main variables in the formation of factor 2, while the same  role  was  played  by  
Table 4.19 total Cr for factor 3 and 
total Hg for factor 4. 
The same results are 
evident from factor 
loadings review (table 
4.19): these values 
quantify the degrees of 
correlation between 
variables and factors. 
No contrast was 
evident within factors; 
in fact, all the 
significative loadings of 
each factor had the 
same sign. This may 
indicate the common 
origin of the  single  va- 
Factor1 Factor2 Factor3 Factor4
Total As 0,805 0,278 -0,281 0,003
Total Cd 0,857 0,057 0,302 0,013
Total Cr -0,122 -0,200 0,902 -0,133
Total Cu 0,698 0,318 -0,020 -0,398
Total Fe -0,196 0,950 0,064 0,017
Total Hg 0,216 -0,078 -0,140 -0,871
Total Mn 0,251 0,909 0,019 0,090
Total Ni -0,244 0,925 0,163 -0,007
Total Pb 0,900 -0,181 -0,146 0,167
Total Sb 0,942 -0,079 0,161 0,052
Total Sn 0,901 -0,021 -0,122 0,081
Total Sr 0,634 -0,086 0,078 0,306
Total Zn 0,919 -0,009 0,227 -0,056
Variables
Factor Loadings
Factors
 
riable making up the factor. In table 4.20 communalities are reported. These represent the 
proportion of the variation of a variable that is accounted for by the retained factors. It is 
the R-Squared value that would be achieved if this variable were regressed on the retained 
factors. The table value gives the amount added to the communality by each factor. 
 
Table 4.20 
Factors
Factor1 Factor2 Factor3 Factor4 Communality
Total As 0,649 0,077 0,079 0,000 0,805
Total Cd 0,735 0,003 0,091 0,000 0,830
Total Cr 0,015 0,040 0,814 0,018 0,887
Total Cu 0,487 0,101 0,000 0,158 0,746
Total Fe 0,039 0,902 0,004 0,000 0,944
Total Hg 0,046 0,006 0,020 0,759 0,831
Total Mn 0,063 0,826 0,000 0,008 0,897
Total Ni 0,060 0,855 0,027 0,000 0,941
Total Pb 0,810 0,033 0,021 0,028 0,892
Total Sb 0,888 0,006 0,026 0,003 0,923
Total Sn 0,812 0,000 0,015 0,007 0,833
Total Sr 0,402 0,007 0,006 0,093 0,509
Total Zn 0,845 0,000 0,052 0,003 0,900
Variables
Factors
Communalities
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From factors communality column examination, it is clear that the variability of all 
variables (total content of the various trace elements) is largely explained by the four 
factors identified, except for the Sr, whose variability is only partially explained by the 
four factors, in particular by the first one. 
 
Table 4.21 
Factor1 Factor2 Factor3 Factor4
Total Sb Total Fe Total Cr Total Hg
Total Zn Total Ni
Total Sn Total Mn
Total Pb
Total Cd
Total As
Total Cu
Total Sr
Factors
Factor Structure Summary
 
 
In table 4.21 factor structures are summarized. In this report, it is possible to see 
easily which variables are related to each factor. Now, the problem is to identify whether 
the individual factors have concrete meanings or are only random associations. In other 
words, we must determine from the literature whether effectively single tangible factors 
exist and are able to collect within themselves the variables identified by the analysis. 
Factor 1 included total contents of several elements (Sb, Zn, Sn, Pb, Cd, As, Cu, and 
Sr). Several papers classified these elements, taken separately or together, as traffic related 
elements (Carlosena et al., 1998; Bäckström et al., 2003; Ajmone-Marsan & Biasioli, 2010; 
Guney et al., 2010; Fujiwara et al., 2011b). So, it is reasonable to identify the factor 1 as 
consisting of all the elements that have vehicular traffic as their main source. 
Factor 2 included Fe, Ni and Mn total contents. It seems reasonable to identify this 
factor with all the elements that have pedogenic substrate as their main source. Such 
supposition is justified by the fact that natural Ni and Mn soil contents are highly related 
to each other and, both of them, to Fe (in this research, correlations Pearson coefficients: 
Mn-Fe  0.780; Mn-Ni 0.758; Fe-Ni 0.931) but not to the other metals. This strong correlation 
demonstrates a common origin reflecting the composition of the material from which they 
were originally derived. In fact in soil Fe- and Mn-oxides were found to be the main Ni 
scavengers (Quantin et al., 2008; Jeske & Gworek, 2012). Also Mielke et al. (2000), 
monitoring New Orleans urban soils, founded Ni-Mn correlation, attributing it to 
pedogenic factor and metallurgical activities. Also in Aveiro and Glasgow, Fe and Ni were 
found related and considered both originated mostly from soil parent materials 
(Rodrigues et al., 2009). 
The factors 3 and 4 include only one factor for each, respectively, the total content of 
Cr and Hg, testifying for these two elements, a different source with each other and with 
respect to all other elements hitherto considered. 
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Figure 4.12 
Principal Component Analysis output of pollutants of urban soils of Pisa 
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Factor scores  
  
Factor scores of every site are reported in figure 4.12. In these 
plots each factor is plotted against every other factor. From 
examination of the figures, in which numbers represent examined 
sites, it is possible to assess that, regarding traffic related elements 
pollution (factor 1), the areas exhibited a homogeneous structure, in 
fact most of the sites showed a score between -0.50 and 1.00 (figures 
A and B): the sites most affected by this type of pollution are 
numbers 3, 15, 30, 25, 7 (half hidden number), 22 and 4. Regarding 
this factor, site number 31 showed the characteristics of outlier 
(having a value very different from the bulk of the data) therefore, 
compared to the other sites, it showed an exceptional pollution level. 
All the previously stated sites are located near traffic lights or 
intersections on heavy traffic roads. 
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Regarding factor 2, which is considered to be related to pedogenic susbstrate, sites 
showed a fairly wide distribution (Figures B and C) with the area 25 which evidenced the 
factor at very high levels, perhaps a signal of an anthropogenic enrichment. In relation to 
factor 3, coinciding with chromium total content, sites distribution was fairly 
homogeneous, with the presence of some areas moderately enriched, such as sites 7, 25, 
and 31. It is also noted the presence of two outliers with enormously greater contents than 
other areas, sites 8 and 16, whose abnormal content suggested, for the realization of these 
areas, the use of soil contaminated by disposal of sludge from tanning activities (Bini et al., 
2008), highly present in the district. 
Chapter 4 Results and discussion 
 
 
Figure 4.13 
Principal Component Analysis output of trace metals of urban soils of Pisa 
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Factor loadings Factor loading plots of PCA output of trace metals of the urban soils 
of Pisa are reported in figure 4.13. In these plots each factor loading was 
plotted against each other, data points representing variables. In the plot 
it is possible to find variables that are highly correlated with both 
factors. In fact, in plots A and B, it is possible to see more easily an 
association among the variables that compose the factor 1, identified as 
consisting of all those elements that have vehicular traffic as their 
primary source (contour blacks figure), while in plots B and C the 
association between the elements that make up the factor 2, consisting of 
all those elements which have pedogenic substrate as their main origin 
(contour blue figure) becomes more pronounced. The factors 3 and 4, 
each consisting of a single variable, are identified respectively by the 
figures with the fuchsia and red contour. 
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figure 4.14 
Hierarchical clustering analysis of contamination of urban soil of Pisa 
Dendogram Sites legenda 
 
                                                                                                Site 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
Via Tommaso Rook 
Via Aldo Moro 
Via Aurelia Nord 
Piazza S. Paolo a Ripa d’Arno 
Via Giovanni Gronchi 
Via Alessandro Borodin 
Via Gioacchino Volpe 
Via della Ripaiola 
Via Enrico Malatesta 
Via Padre Leonardo Ximenes 
Via Cervino 
Largo Cesare Balbo 
Giardino Scotto 
Piazza Giuseppe Giusti 
Via S. Giovanni Bosco 
Via Enrico Betti 
Via di Padule 
Viale delle Piagge 
Largo Caduti dell’Egeo 
Largo Gabriele Monasterio 
Piazza Federico del Rosso 
Piazza Francesco D. Guerrazzi 
Rotatoria Caduti S. Quirico di V. 
Piazza Caduti di Cefalonia 
Via del Marmigliaio 
Via Vincenzo Cuoco 
Via Contessa Matilde 
Via Agostino Depretis 
Piazza di Terzanaia 
Via Bonanno Pisano 
Via Mario Canavari 
3,50 3,11 2,72 2,33 1,94 1,56 1,17 0,78 0,39 0,00
1
14
2
26
10
9
20
17
11
23
12
18
28
19
5
3
30
6
21
24
15
27
29
8
16
4
13
22
7
25
31
Row
 
Dissimilarity 
Applied software: NCSS (2004); considered variables: total content of hydrocarbons (THC), As, Cd, Cr, Cu, 
Hg, Mn, Ni, Pb, Sb, Sn, Sr, Zn; clustering method: groups means (unweighted pair); distance type: 
Euclidean;  scale type: standard deviation 
 
The agglomerative hierarchical clustering algorithms applied in this elaboration build 
a cluster hierarchy that is commonly displayed as a tree diagram called dendrogram. They 
begin with each object in a separate cluster. At each step, the two clusters that are more 
similar are joined into a single new cluster. Once fused, objects are never separated. There 
are several methods of defining the similarity between clusters. In this experience, group 
average was utilized. Also called the unweighted pair-group method, this is the most 
widely used of all the hierarchical clustering techniques. The distance (dissimilarity) 
between two groups is defined as the average distance between each of their members. 
The dissimilarity between two objects is fundamental in cluster analysis since the 
technique’s goal is to place similar objects in the same cluster and dissimilar objects in 
different clusters. For interval variables, the distance between objects is simply the 
difference in their values. In this experience, Euclidean was the utilized distance and the 
standard deviation was the type of transformation to remove the distortion due to the data 
scales differences. 
The dendrogram regarding the contamination of Pisa urban soil is reported in figure 
4.14. Rows that were close together (have small dissimilarity) have been linked near the 
right side of the plot.  So, upon the examination of the plot it is evident the similarity 
between areas 2 and 26, both characterized by very low levels of pollutants, in their turn 
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resembling area 10, which is also very little polluted. We could then classify all the areas 
included within the large cluster characterized from pink as little or no polluted. The sites 
present within the white area have similar characteristics and can be classified as affected 
by a moderate degree of multi-element pollution, while sites included within the green 
area are strongly polluted, characterized by large quantities of various types of 
contaminants: in particular the site 31 appears being very different from all the others, so 
much so that it is tied to them for last and with a very high level of dissimilarity. Finally, it 
is important to highlight the presence of two clusters which visually display a particular 
configuration: the first one is made up solely by the areas 1 and 14, which are united by 
the very high mercury content (yellow area), while the other cluster is constituted by areas 
8 and 16, which have a similar chromium content to each other and very different from 
that of all other sites (orange area).  
 
 
Platinoids 
Platinoids total contents of the urban soils of Pisa are reported in table 4.22. As 
regards the Pt, the element content was below the detection limits of 2 μg kg-1 dry soil in 
nearly 75% of the monitored areas, and its content in most of the remaining areas was still 
close to this value. In 10% of the sites were recorded higher values, around the 8-10 μg kg-1 
soil. These areas were located at junctions of intensely trafficked thoroughfares. 
 
Table 4.22 
<2 2 ± 0,0 3 ± 1,0 2 ± 0,3 <2 7 ± 1,0 <2 10 ± 2,0
<10 <10 <10 <10 <10 11 ± 3,9 <10 <10
2 ± 0,3 <2 <2 <2 <2 <2 2 ± 0,7 <2
<10 <10 <10 <10 <10 <10 27 ± 15,2 <10
<2 <2 <2 <2 <2 <2 <2 <2
<10 <10 <10 <10 <10 <10 <10 <10
<2 <2 <2 <2 <2 2 ± 0,7 8 ± 4,6 <2
<10 <10 <10 <10 <10 27 ± 18,0 <10 <10
 (µg Pt/Pd . g-1
 
soil)
31 6
1413
PGEs (Platinum-Palladium) total content
4
Gronchi
0
location Alessandro
7
via
Platinum
PisanoCuoco
Enrico di delle Caduti Federico
del Rosso
Contessa Bonanno
29
21 22
piazza
Guerrazzi
Francesco Dom.
30
via
di
via
Depretis
Agostino
5
Scotto
giardino
piazza
Terzanaia
piazza
Giovanni
12
28
largo
Monasterio
Gabriele
20
largo
Matilde
27
via
dell'Egeo
Marmigliaio
del
2
Ximenes
18
viale
Piagge
26
via
Vincenzo
19
largo
25
via
Betti
17
via
16
via
Padule
24
piazza
di Cefalonia
Caduti
8
Cervino
via
Padre Leonardo
via
Enrico
10 11
via
9
via
della
Ripaiola Malatesta
site
number
location
Platinum
Platinum
Palladium
site
number
location
site
number
location
site
number
Platinum
Palladium
15
via
Gioacchino
Volpe
via
Aldo
Moro
via
Aurelia
Borodin
via piazza
S. Paolo
a Ripa d'Arno
Antiparco
(agricultural
zone)
via
Tommaso
Rook
31
via
Canavari
Mario
Bosco
23
rotatoria
di Valleriana
Caduti di S. Quirico
Palladium
Palladium
piazza
Giuseppe
Giusti
via
Cesare
Balbo
San Giovanni
 
 
A similar situation has been detected regarding the Pd. The element was below the 
instrumental limits for its detection of 10 μg kg-1 dry soil in 90% of the monitored areas. In 
the remaining sites (blue cells) content ranged from 11 to 27 μg kg-1 soil. The three areas 
where it was possible to measure the element were among those in which it was also 
possible Pt detection (yellow cells). It should therefore be noted that the soil accumulation 
of Pt and Pd, originated by the release of small particles containing these elements due to 
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“three ways” catalytic converter abrasion and deterioration (Ek et al., 2004; Morcelli et al., 
2005), already detected for a long time in the United States and Germany (Hodge & 
Stallard, 1986; Schäfer & Puchelt, 1998; Zereini et al., 2001; Moldovan et al., 2002; 
Sutherland et al., 2007; Wiseman & Zereini, 2009), is just beginning to occur in the Italian 
soils as determined by various research in several Italian cities (Angelone et al., 2002; Cinti 
et al., 2002; Dongarrà et al., 2003; Cicchella et al., 2008c; Spaziani et al., 2008; Fumagalli et al., 
2010). The values found by these authors are otherwise comparable with the few ones that 
we could measure during this research. 
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Results of geostatistical data processing 
Kriging is a family of estimators used to interpolate spatial data. This family includes 
ordinary kriging, universal kriging, indicator kriging, co-kriging and others. The choice of 
which kriging to use depends on the characteristics of the data and the type of spatial 
model desired. The most commonly used method is ordinary kriging, but also other 
kriging methods were utilised for this study. A brief discussion follows on limits and 
opportunities of different kriging techniques. 
Indicator kriging is used when it is desired to estimate a distribution of values within 
an area rather than just the mean value of an area. Once defined the indicator variable and 
analyzed the relative variogram, the indicator kriging provides as a result the value of the 
probability that in the interpolation points a predetermined threshold value (in our case 
that related to the maximum concentrations of pollutants permitted in soils falling within 
'inside residential areas) is exceeded. Probability values obtained with the indicator 
kriging can be mapped by providing a direct image of the spatial distribution of the 
probability of exceeding the threshold, and consequently to define, within the city limits, 
the most affected areas. 
Universal kriging is used to estimate spatial means when the data have a strong trend 
and the trend can be modelled by simple functions. Trend is scale dependent; so at the 
large scale the local data has a trend, but this trend doesn’t exist for a smaller scale. For 
example the elevation data can rise and fall many times as you cross mountains and 
valleys and on the scale of 1:50000 they don't show any trend in the elevation. 
Contaminants data may display trends over small geographic areas but at the scale of the 
entire Pisa town, there is no trend that can be modelled by simple functions. Because of 
this fact, universal kriging was not chosen for this study. 
Co-kriging is an extension of kriging used when estimating a one variable from two 
variables. The two co-variables must have a strong relationship and this relationship must 
be defined. Use of co-kriging requires the spatial covariance model of each variable and 
the cross-covariance model of the variables. The method can be quite difficult to do 
because developing the cross-covariance model is quite complicated. Developing the 
relationship between the two variables can also be complicated. For example in the mining 
industry practice limits co-kriging to the case when the variable being estimated is under 
sampled with respect to the second variable. If all samples have both variables, industry 
has found no benefit gained from the use of co-kriging. 
Co-kriging was not chosen for this study because all the contaminants are sampled at 
each location. Also, there has been no study has yet been done that has identified a 
secondary variable from more sampling sites that is highly correlated to another 
contaminant that can be used to predict its distribution. Traffic may be a promising 
variable but there is not a sufficient number contaminants monitors across a range of 
traffic intensity to develop the covariance models. 
Ordinary kriging was utilised for this study based on how well it has performed on 
other similar researches (Markus & Bratney, 2001; Yang et al., 2009; Zhang et al., 2009; Li & 
Feng, 2012) and because the statistical characteristics of the data make ordinary kriging an 
appropriate choice of estimator. The data displayed no trend at the scale of survey; thus 
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universal kriging was not appropriate. The covariance models (variogram) exhibited local 
stationary and thus, ordinary kriging was an appropriate technique to use. 
 
Data analysis 
The hypothesis on which the entire geostatistical structure is based on, is that the analysed 
data constitute a space continuum, under the action of long or short range of influence 
factors that regulate them. Pedogenetic, climate and anthropogenic factors constitute also 
examples of how action of different elements could influence, in a spatially defined way, 
the characteristics of the soil, climate and pollution level within a certain environmental 
context. 
For these reasons the parameters analysed in this geostatistical research have been those 
for which we have hypothesized the influence of methodical factors, i.e. the pollutant 
ones: hydrocarbons, heavy metals and platinoids. The latter ones have been excluded from 
the elaboration since they presented values almost always inferior to the instrumental 
detection limits and thus totally equivalent from numerical point of view. A similar 
consideration can also be applied to Hg that presented many values equal to zero and this 
prevented the correct identification of possible systemic factors, instead emphasizing the 
influence of factors which act on local scale, identifiable only on large scale. In these cases 
the development of a geostatistical study would have had as a presupposal a meaningful 
reinforcement of sample density around the positive points, which are characterized by 
the presence of meaningful concentrations. Starting from the statistical data analysis 
previously discussed, it was clear that the data concerning the pollutants showed evident 
correlation typologies; moreover, while the concentration in hydrocarbons did not 
manifest any other correlation with any polluting typology (coefficient of correlation alwa- 
ys inferior to the absolute value 0.4), 
on the contrary, As, Cd, Cu, Pb, and 
Zn presented among them indexes of 
correlation enough high: the medium 
value of the correlation index was 
equal to 0.67, but we could detect also 
elevated values, for the example the 
correlation between Cd and Zn (0.94). 
This high correlation index could also 
be seen for Mn and Ni (0.78), while 
the Cr presented poor analogies with 
all other contaminants and 
constituted a specific distribution 
typology. As the sample areas were 
the same for each pollutant, it was 
clear how the just analysed indexes of 
correlation were at the same time also 
indexes of space correlation and thus suggested to concentrate the analysis on the 4 
identified patterns of distribution typologies (P1 = hydrocarbons; P2 = As-Cd-Cu-Pb-Zn; 
P3 = Mn-Ni; P4 = Cr) avoiding to study separately each indicators in order not to repeat 
 
Fig. 4.15  Quantile-quantile (Q-Q) plot of the 
hydrocarbon concentration values after the 
transformation 
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the visualization of maps and the formulation of considerations very similar among them. 
The first step to deal with concerned explorative data analysis: in this phase, we could see 
the normality of data distribution (an essential condition to apply ordinary kriging) and 
therefore the necessity of consequent data transformation. We could also see the possible 
existence of trends into 2 space directions (x and y) and consequently the possible 
usefulness of data correction and/or the use of universal kriging techniques. 
As to P1 (hydrocarbons) it 
works at data transformation 
(log x) in order to correct their 
distribution towards normality, 
as the graphic showed (fig. 
4.15). Differently, trend analysis 
(fig. 4.16) had shown the 
existence of low increments of 
the hydrocarbons concentration 
values when they increase at x 
coordinate, but in comparison 
with y coordinate the values 
showed a “u” progress with 
reduced concentrations at the 
centre and higher ones in the 
points set in peripheral positions within examination. The possibility to rotate the system 
of points around the z axis (perpendicular to xy plane), allowed to evaluate the existence 
of possible anisotropies, i.e. space directions where the trends change their intensity and 
direction, highlighting the preferential action of predisposing factors (such as: wind, 
heights, obstacles). However, the rotation did not show the presence of particular 
conditions of anisotropies and therefore didn’t suggest neither the correction of the surface  
generated by particular space 
directions, nor the removal of the 
trends (if we didn’t have any justified 
reason to operate such transformation). 
Finally the experimental semivario-
gram (fig.4.17) revealed the existence 
of a limited space structure of data as 
the elevated values showed in y (in 
ordinate) (quadratics difference of 
values for each couple) and also when 
approaching the low axis values 
(distance between points). 
The main differences could be found 
when comparing point n° 7 (which was 
positioned in via Gioacchino Volpe) 
which presented a much higher value 
compared the other revealed by our research (419 mg/kg soil vs average 96 mg/kg soil) 
 
Fig. 4.16  Trend analysis (green line and blue line) for 
hydrocarbon concentrations 
 
 
Fig. 4.17  Experimental semivariogram of 
hydrocarbon concentration values 
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and it determined, in couple comparisons, all higher values of quadratics difference 
independently from distance in-between (fig. 4.18 and 4.19). This suggested us to consider 
number 7 site as an outlier and to 
exclude it from our analysis, therefore 
developing a positive effect on efficiency 
of kriging rating. The semivariogram 
model used for the interpolation was the 
stable model, which represents a 
particular case of the Gaussian model 
(fig. 4.20). The results of model 
adaptation regarding data were not 
satisfactory. 
This examination adopted the calculation 
of cross validation which works 
eliminating on turn one of the sample 
points and estimating its z* (xi) value by 
kriging, using the variogram model that 
had to be verified and the information 
available from the neighborhood samples; the last one could be fixed giving the maximum 
distance from interpolated point within to research an optimal number of samples. The 
cross validation was repeated for each sample point and the difference between the 
estimated and the measured values represented the evaluation error.  In a good model the  
evaluation error average should be 
possibly near to zero, while the 
error variance should reproduce 
the kriging variance, for this 
reason the relation between the 2 
types of variance should 
approximately be the unit. 
Generally the standard indicators 
used to examine the variogram 
model fairness are: the medium 
error standardized to the standard 
deviation (σk) of kriging, the so-
called “RE” reduced error and 
“RV” reduced variance, which are 
obtained by the following 
calculation: 
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where N is the number of samples for which is measured z; z(xi) is the value measured in 
xi; z*(xi) is the value calculated in xi obtained by the others n-1 evaluating values; σKxi is 
the standard deviation of kriging. 
 
Fig. 4.18  Identification of pairwise comparisons 
with the quadratic difference highest values 
 
Fig. 4.19  Identification in the city map of pairwise 
comparisons with the quadratic difference highest values. 
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Fig. 4.20  - Semivariogram model for the hydrocarbon concentration values 
Real statistic test does not exist to verify the goodness of variogram model: a good 
criterion would be that the RE values would tend to zero (minimal rating error) and those 
RV to 1 (the consistence between the kriging variance and the rating error variance) 
(Russo, 1984). 
 
Fig. 4.21  - Results of the cross-validation for the hydrocarbons concentration values 
The results of cross validation (fig. 4.21) revealed values of medium standardised error 
(RE) equal to – 0.14 (optimal value = 0) and values of medium quadratic error (RV) equal 
to 1.71 (optimal value = 1). Furthermore the medium quadratic error and medium 
standardised error were rather high respectively equal to 71.2 and 44.4. 
As announced before, we decided to carry on the research excluding point number 7 from 
analysis and we verified the importance of improvement of the adaptation (fig. 4.22) 
passing to RE equal to 0.005 and RV equal to 0.938 and a medium quadratic error and 
medium standardised error equal respectively to 36.1 and 37.5. 
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From space 
distribution 
point of view 
(fig. 4.23), the 
higher hydro-
carbons con-
centration va-
lues were in 
the northern 
part of the 
city, long the 
river Arno 
(Tramontana 
part) with a 
maximum a-
round Con-
tessa Matilde 
and Lucchese 
street, till the zone of Porta a Lucca at north, and Santa Caterina square at south. 
 
Legenda (mg/kg)
 
Fig. 4.23  - Spatial interpolation using ordinary kriging of the hydrocarbon concentration values  in 
Pisa urban soils (with the exception of point 7) 
 
As regards the other identified patterns, in order to reduce the length and the 
repetitiveness of the discussion, directly the final results are reported, only briefly nodding 
to the path taken to obtain them. 
Concerning the second pattern (P2) we decided to consider the Zn concentration, 
which resulted the heavy metal better correlated with the others (medium coefficient of 
 
Fig. 4.22  - Results of the cross-validation for the hydrocarbons concentration 
values after outlier elimination 
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correlation = 0.76). Also in this case, it was necessary to operate a data transformation in 
logx to normalize the data distribution. The trends analysis showed changing less marked 
than the previous case both for x and y components, and important anisotropies 
conditions around the axis were not visible. Also in this case the experimental variogram 
highlighted the presence of a visible outlier in the point n. 31, sampled in Mario Canavari 
street, that showed a Zn concentration equal to 523 mg/kg soil vs an average of the area of 
119 mg/kg soil. As expected, almost all the comparison between couples which presented 
elevated values of quadratic difference, included the point number 31. So, it would be 
excluded from the analysis. In fact, the results of data adaptation to the semivariogram 
model used for the interpolation (stable model) were not satisfactory: RE = - 0.022, RV = 
1.238, medium quadratic error = 79.7 and medium standard error = 67.8. After the 
exclusion of site number 31, we could see a concrete improvement of concentration data of 
Zn to the adaptation model: RE = - 0.009, RV = 0,927, medium quadratic error = 33.8 and 
medium standard error = 36.2. For Zn and the other connected heavy metals: As, Cd, Cu 
and Pb (fig. 4.24) we could observe a distribution focused on the city center with a light 
prevalence towards the southern part (Mezzogiorno part). The higher values had been 
recorded in the areas nearby Mezzo bridge and Fortezza bridge, involving the area around 
Benedetto Croce street, viale Bonaini till railway station. In addition the zones regarding 
Barbaricina, Sport Palace and Miracles square were also polluted. A second contaminated 
peak was constituted by Ospedaletto craft zone. 
 
Legenda (mg/kg)
Fig. 4.24  - Spatial interpolation using ordinary kriging of the Zn concentration values  in Pisa urban 
soils (with the exception of point 31) 
 
The distribution of the pattern relative to Zn is very similar to that observed for 
hydrocarbons which, however, is shifted with respect to the latter towards north-north-
west. This trend, despite the probable common origin of the two pollutants, identified in 
vehicular traffic, could be explained by the greater portability of hydrocarbons by 
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atmospheric currents. The hypothesis is borne out by the direction of the prevailing winds 
in the area of the city of Pisa: these indeed had a direction of 225°, blowing from south-east 
to north-west (Milano, 2008). 
In relation to P3 (Mn and Ni)  we chose to analyse Ni data distribution, which 
showed data normality features better than Mn. Data transformation produced minimal 
differences. Much more visible were the widespread trends observed, but it was not 
correct to change the surface of interpolation in a lack of suitable explanation. The 
examination of experimental semivariogram highlighted a certain space data structure. 
The identification of possible outlier is less univocal than in the previous cases, but the 
point number 25 (Marmigliaio street) seems to play an important role in quadratic 
medium differences, it also presented the maximum level of Ni concentration (77 mg/kg 
soil) rather than in the average study (55 mg/kg soil). 
 
Legenda (mg/kg)
 
Fig. 4.25  - Spatial interpolation using ordinary kriging of the Ni concentration values  in urban soils 
of Pisa (with the exception of point 25) 
 
The semivariogram model for the interpolation was still the stable model. The result 
of adaptation data model were enough satisfactory: RE = -0.0176 and RV = 1.0177, 
quadratic medium error = 7.58 and standard medium error = 7.46. After the exclusion of 
point number 25 it is evident a little improvement of adaptation model to Ni concentration 
data: RE = –0.009 and RV = 0.927 quadratic medium error = 7.58 and standard medium 
error = 6.96. The generated surface (fig. 4.25) showed the major values on the north-east 
outskirt of the city (Cisanello, Ghezzano, etc.) while on the contrary the south-west area 
presented less marked concentration values. 
Finally P4, the last pattern related to Cr distribution, demonstrated how data 
transformation in logx did not allow the achievement of a normal distribution. The 
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graphic quantile-quantile (Q-Q plot) in fact revealed a sensible shifting from the ideal 
straight line. The unsatisfied condition made wrongful the kriging application and only 
permitted the next application of indicator kriging. We can suppose this data attitude was 
determined by local scale acting factors that could not be explained with the scheme and 
density of samples used in this research. 
Finally, it was considered desirable to apply the indicator kriging on contaminants 
data in order to verify the probability of overcoming maximum concentration threshold of 
polluting elements provided by the Laws concerning the residential areas. 
It was decided to identify for each of the examined patterns three levels of increasing 
probability of exceeding the limit (low, intermediate and high) whose numerical values 
are, however, different in relation to the considered contaminant, as obtained by dividing 
the range obtained from the difference between the maximum and the minimum 
calculated probability into three intervals of equal amplitude. 
In this regard, it is useful remembering that the probability distributions from the 
indicator kriging can differ substantially from those obtained by using the ordinary 
kriging, the latter instead referring to an estimate of the most likely values that the 
variable takes on different points in space. 
In the case of the indicator kriging, in fact, are of crucial importance two important 
variability factors such as the value of the overcoming threshold with respect to the 
average values found in the area and the different sampling density detectable in different 
portions of the area of study which significantly influence on the attribution of a 
probability of overcoming to the considered space. 
From the point of view of the goodness of the estimates, the average reduced error 
and the reduced variance are decidedly proper for all the performed indicator kriging and 
reassure about the reliability of the obtained information (table 4.23). 
Table 4.23 
Quality parameters of indicator kriging cross-validation 
Pollutant 
Reduced error 
RE  
Reduced variance 
RV 
Medium 
quadratic error 
Medium 
standardized error 
Hydrocarbons 0.004 1.133 0.374 0.329 
Zn -0.007 1.035 0.401 0.389 
Cr 0.018 1.084 0.266 0.245 
 
The results showed that for hydrocarbons the probability of exceeding the legal limit 
(60 ppm) are very high over the entire study area (fig. 4.26.a). In fact, the yellow areas, 
corresponding to the lower probability of threshold exceeding, were anyway included 
between 62 and 75%. This means that the measured values were in a generalized way 
higher than the legal limit and therefore indicated the existence of a real risk condition for 
the local population. In particular, the areas with the highest probability of exceeding the 
legal limit (87-100%) are constituted by the city center and by areas located immediately to 
the north of the latter. In reality, the lack of sampling points at the northern extremes of 
the kriging area made more uncertain the determination of the north limit of the high risk 
area that, in fact, may be more circumscribed to the city limits. 
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Figure 4.26 
Spatial interpolation by using indicator kriging of probability of exceeding pollutants Law limits (Legislative Decree 152/2006) in Pisa urban soils 
Legenda
 
Legenda
a – Hydrocarbons b - Zn 
Legenda Legenda
c – Ni d - Map algebra: total risk 
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In the case of the pattern relative to Zn and other associated heavy metals, it can be 
seen that the overrun rate were decidedly smaller, being the class of higher risk between 
22 and 33%. With regard to the distribution of areas with different threshold exceeding 
probabilities there was a partial concentration of risk in central-southern and mid-west 
areas of the city (fig. 4.26.b). 
Regarding Ni, instead the concentrations found in the soil are constantly lower than 
the legal limit (120 ppm) and therefore make useless and impractical the application of the 
indicator kriging. 
Instead Cr, for which it had not been possible to apply the ordinary kriging due to 
failure to proceed to the data normalization, can be subjected to indicator kriging that does 
not require this condition fulfilment. In this case the percentages of possible threshold 
overcoming were still lower than those recorded for Zn: in fact the higher risk class was 
comprised between 16 and 25%. With regard to the spatial distribution (fig. 4.26.c), it 
showed how the major risks were localized in the eastern portion of the study area and 
instead as the city area was characterized by negligible percentages of threshold 
overcoming (less than 10%). 
Finally, in order to compose the risk of overrun for all the considered patterns, we 
proceeded, by executing a map algebra operation, to aggregate all threshold exceeding 
percentages, hydrocarbons, zinc and chromium, pixel by pixel, so as to obtain an area 
overall representation in which can be found the major environmental problems (fig. 
4.26.d). For this purpose five classes of risk (very low, low, medium, high, very high) are 
highlighted so as to further disaggregate the obtained results. 
It is evident that the overall distribution was influenced mainly by the distribution of 
the risk of threshold passing by hydrocarbons that presented considerably higher 
probability. The most critical areas were located in the northern part of the city, in the 
neighbourhood of San Francisco, Fontina and Don Bosco, where, however, there are also 
green spaces for recreation and playgrounds. 
To conclude, the use of geostatistical analysis techniques has proven technically 
possible, even starting from a relatively small number (32) of geo-referenced data and by 
an irregular sampling scheme, not specifically designed for this purpose. The 
spatialization of the examined data, in addition to allowing the identification of areas with 
previously unknown levels of pollutants, might lead, if crossed with potential risk factors 
(such as traffic), to establish and verify possible cause-effect relationships or the possible 
influence of factors capable of acting on the contaminants distribution mode (eg. the wind 
or the presence of obstacles). In addition, this technique can provide information leading 
to hypothesize correlation between the presence of pollutants and some of their possible 
effects on the ecosystem and population, superimposing its results on the distribution 
maps of animals and plants specie, diseases, etc. This technique can therefore be a helpful 
tool for those who have to manage the land and must make decisions relating to urban 
policy, as administrators, engineers, planners, architects, and specialists in delivery. 
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Biological features 
 
Respiration 
Soil microbial respiration results from the sum of all metabolic processes producing 
CO2 as result of the O2 uptake of by metabolically active organisms living in soil (Alef, 
1995; Wardle & Ghani, 1995) It undergo alteration under stress conditions caused by 
adverse anthropogenic effects such as  pollutant scatter (Filip, 2002), so the recording of 
soil respiration rate provides qualitatively new information about the state of the soil 
microbial community and changes in its activity under altered environmental conditions, 
representing one of the main quality parameter of soil (Machulla, 2003). Cumulative 
amounts of CO2-C evolved from the monitored sites and control at the end of the 25-day 
incubation period were reported in figure 4.27. 
 
Figure 4.27 
 
C mineralization in Pisa urban soils 
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They varied within a fairly wide range between 22.32 and 107.24 mg of CO2-C · 100 g-1 
dry soil, characterized by a mean of 58.96 and a median of 58.82 mg of CO2-C · 100 g-1 soil. 
Control site showed a value of 13.26 mg of CO2-C · 100 g-1 soil, much lower than the 
mineralized amount of the other monitored areas. The smaller amounts of mineralized C 
were found in areas 27, 29 and 13, while the sites 31, 6 and 15 showed the largest 
quantities. All the other areas showed values and trends not very different from each 
other. The basal respiration of a soil reflects the overall activity of the microbial pool. Since 
the conditions of the incubation were more favorable than those usually existing in the 
field, the values of the evolved C-CO2 in 25 days (even values of 2.9% of the soil org C 
were reached), probably represent too high losses of organic matter. However, 
comparisons between soils based on these figures can be considered valid. 
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To make more clear the phenomenon and less confusing its observation, using the 
previous figure, the area under each mineralization curve was calculated. The obtained 
values are shown in figure 4.28. 
  
Figure 4.28 
 
Area under curve of C mineralization in Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
They varied within a fairly wide range between 321 and 1736 area units, 
characterized by a mean of 974 and a median of 978 area units. Control site showed a 
value of 226 area units, statistically identical to the value detected for the area 27, placed in 
the immediate vicinity of a fuel station, where very high values of hydrocarbons were 
detected. All the other areas showed higher values. Among them, the lower respiratory 
activity has been detected respectively in the sites 29, 13, 21, 24, and 7, all areas 
characterized by low content of org C or highly polluted. Most of the areas (58%) show 
similar values, between 50 and 80 units of area. The areas that had the highest values were 
the numbers 15, 6 and 31, characterized by very high values in org C, although highly 
polluted. 
As shown in table 4.24, cumulative mineralized C was positively correlated with soil 
org C, as found by Rusakov and Novikov (2003) in urban topsoil of St. Petersburg, Russia, 
by Riffaldi et al. (2006) in a diesel oil contaminated soil and by Yang et al. (2001) in urban 
park soils of Aberdeen, UK, contrary to what was found by the latter authors in roadside 
soils of the same city. Cumulative mineralized C also displayed a positive correlation with 
the antioxidant capacity of the soil and with the phenolic substances as well as with all the 
parameters resulting from trophic characterization of soil microbial communities (CLPP), 
such as CMD, number of metabolized substrates, and H, the Shannon-Weaver index of 
biodiversity, and, although with a weaker degree of correlation, with AWCD. Finally, 
cumulative mineralized C, was positively correlated with all the measured enzymatic 
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activities with the exception of dehydrogenase. Therefore, it can be considered a very good 
overall indicator of the soil biological activity. 
Regarding pollutants, as we can observe in table 4.25, mineralized C showed a weak 
positive correlation with the soil total content in Cd and Cu and was not inhibited by any 
of the monitored heavy metals, probably due to the low quantities of the metals. This 
trend was in disagreement with what has been found by several authors (Bååth et al., 1991; 
Hattori 1992; Kizilkaya et al., 2004) but consistent with the work of Yang et al. (2006) who 
found in urban soils of Aberdeen, UK, a positive correlation between basal respiration and 
the soil total content of Cu and Zn, as well as many of their chemical fractions. Pb was the 
only heavy metal that showed a negative correlation with the CO2 evolution. Consistent 
with Barajas-Aceves et al. (2005), such results suggested that biomass needs to expend 
more energy to survive in high-metal soils, resulting in a diversion of energy from 
biosynthesis. 
 
Community level physiological prophyle (CLPP) 
The AWCD measure gives a general indication on the metabolic capacity of the 
community and on the degree of activity with respect to 31 different substrates. The 
physiological state of the cells, as well as the inoculum density, plays a role in the rate of 
color formation, indicating that the rate of O2 consumption influences the rate of color 
development; the type of organisms present in the sample may influence the rate of 
AWCD as well (Garland, 1996). For these reasons, incubation times were standardized and 
the effect of inoculum density normalized, as suggested by Garland (1997), in order to 
follow the dynamics in composition of the bacterial community.  
 
Figure 4.29 
 
AWCD of Pisa urban soils 
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The average well color development (AWCD) of the microbial community level 
physiological prophiling of Pisa urban soil in comparison with the AWCD of the control 
for the entire 10-day incubation period were reported in figure 4.29. 
Maximum values, reached for all sites on the tenth day of incubation, varied within a 
very narrow range between 0.825 and 1.174, characterized by a mean of 0.999 and a 
median of 0.986. Control site showed a value of 0.945, comparable to the amount of all the 
other monitored areas. Being the parameter trend very similar in all areas and not having 
the statistical analysis revealed differences between the various values, to clarify the 
phenomenon and to make less confusing its observation a new plot with only few data 
were created. In figure 4.30 are proposed four among the various AWCD obtained curves: 
control, three extremely polluted sites (31, 7 and 4) and, finally, a relatively "clean" (11) 
one. The less polluted site AWCD curve developed in slightly higher position than the 
other ones, but the found differences were really minimal. 
 
Figure 4.30 
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A last attempt o make more clear the phenomenon was made calculating the area 
under each AWCD curve by using the previous figures, as proposed in several research 
(Guckert et al., 1996; Choi & Dobbs, 1999; Schmitt et al., 2004; Edel-Hermann et al., 2008). 
The obtained values are shown in figure 4.31. 
The statistical analysis did not reveal differences between the values of the area 
under the AWCD curve of the various monitored areas. These findings were also 
confirmed by the trend of the other CLPP measured parameters. In fact, also the use of the 
individual substrates within the various Biolog Ecoplates had a fairly homogeneous trend 
between the various monitored areas, highlighting very limited differences, proving 
therefore its independence from location (data not shown). 
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Figure 4.31 
 
Area Under Curve of AWCD of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
Finally, also both CMD, number of metabolized substrates, and H, the Shannon-
Weaver index of biodiversity, showed the absence of any difference compared to the 
location (data not shown). We can therefore say that the microbial communities of the 
urban soils of Pisa showed a certain homogeneity, at least from the trophic point of view, 
despite the differences observed both with respect to the org C and the various monitored 
pollutants. This was in disagreement with the differences found by Yang and colleagues 
(2001; 2006) in Aberdeen, UK, urban soils, while is in accordance with the results of Yao 
and co-workers (2003) who showed, in heavy metal-polluted Chinese paddy soils,  that 
AWCD did not vary in a consistent manner with the microbial biomass or heavy metal 
concentration. 
 
Enzymatic activities 
Oxidative enzymes 
 
Dehydrogenase 
The values of dehydrogenasic activity of Pisa urban soils are reported in figure 4.32. 
They  varied within a quite narrow range between 0.86 and 4,58 μg of 2,3,5 
triphenylformazan (TPF) g-1 dry soil h-1, characterized by a mean of 2.35 μg of TPF g-1 soil 
h-1and a median of 2.29 μg of TPF g-1 soil h-1. Control site showed a value of 1.02 μg of TPF 
g-1 soil h-1, statistically identical to about half (48%) of the data collected in the monitored 
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areas. In all other sites, many of whom had content equal to each other, higher values were 
noted. The highest activities were observed in areas 4, 5, 6, 13, 15, and 16. Similar values 
were also found in urban soils of Gümüşhacıköy, Turkey, by Kizilkaya and Aşkin (2007). 
 
Figure 4.32 
 
Dehydrogenase activity of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
  
The dehydrogenase activity showed no correlation with any of the other enzymatic 
activities, nor with the soil org C content (table 4.24). These trends are in contrast with 
what found by several authors in polluted and un-polluted soils (Curci et al. 1997; Saviozzi 
et al. 2001; Kizilkaya et al. 2004; Riffaldi et al. 2006). On the contrary, the lack of correlation 
between dehydrogenase and soil org C is in agreement with what was found by Gonzalez 
et al. (2007) in soils of temperate ecosystems. 
Being deydrogenase an endocellular enzyme involved in initial breakdown of soil 
organic matter, Pascual et al. (2000) found the lowest values for this activity in soils 
abandoned for a long time, probably as a consequence of the lowered levels of soil org C 
and/or absence of plant cover (Brockway et al., 1998; Brzezińska et al., 2001). Also in this 
research the sites that showed the lowest dehydrogenase activity, are abandoned or low 
org C contents areas. The interpretation of enzyme trend among the monitored sites is 
difficult and controversial, as noted also by Lorenz and Kandeler in a similar research 
(2006): a greater number of sampling points would have probably required to clarify the 
phenomenon. Dehydrogenase activity also showed no correlation with the various 
monitored pollutants (table 4.25), except for the soil total Ni content, with which revealed 
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an inverse correlation. The lack of correlation between dehydrogenasic activity and soil 
heavy metals content was also noted by Zhang et al. (2008) in suburban areas irrigated 
with wastewater, while the influence of soil contaminants on this enzyme was on the 
contrary widely demonstrated (Barajas-Aceves et al., 2007; Chaperon & Sauveé, 2007; 
Saviozzi et al., 2006; Xie et al., 2009).  A wide variability and the absence of a unique 
pattern was found for this enzyme also by Trasar-Cepeda and colleagues (2000) in 
variously polluted soils. The difficulty in the interpretation of the phenomenon is probably 
due to the multiplicity of involved factors, the action of some of which being in contrast 
with that of the others. 
 
Catalase 
The values of catalasic activity of  Pisa  urban soils  are  shown in  figure 4.33.  They   
 
Figure 4.33 
 
Catalase activity of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
varied within a quite narrow range between 1.38 and 5.93 O2% · 3min-1 · g-1 dry soil, 
characterized by a mean of 2.89 and a median of 2.70 O2% · 3min-1 · g-1 soil.  
Control site showed a value of 1.14 O2% · 3min-1 · g-1 soil, statistically lower than the 
values found in almost all (97%) the monitored sites. Most of the areas (65%) displayed 
values between 2.00 and 3.00 O2% · 3min-1 · g-1 soil, while the sites 9, 15, 20, 22, and 28 
showed higher activity, around 4.00 O2% · 3min-1 · g-1 soil. Finally, in the areas 6 and 31, 
were detected the highest activities, amounting or greater than 6.00 O2% · 3min-1 · g-1 soil. 
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Catalase activity (table 4.24) was positively correlated with soil org C, as found by 
Saviozzi et al. (2001) and Kizilkaya et al. (2004) in agricultural soils,  contrary to what was 
found by Shi and colleagues (2008b) in urban soils of Shenzhen, China. This enzyme was 
also positively correlated with the cumulative mineralized C, as well as with H, the 
Shannon-Weaver index of biodiversity of soil microbial communities and with all the 
other measured enzymatic activities with the exception of dehydrogenase. This different 
behaviour of catalase and dehydrogenase, although both oxidative enzymes, was also 
found by Achuba and Peretiemo-Clarke (2008) in a spent engine oil contaminated soil and 
by Brzezińska et al. (2001) in municipal wastewater irrigated soils. 
Catalase activity also displayed a correlation with the antioxidant system of the soil. 
Regarding pollutants, as we can observe in table 4.25, the catalase activity showed a 
positive correlation with the soil total content of Cd, Sb, and Zn, and, albeit in a lesser 
extent, with Pb and Sr. In contrast to what was found by several authors (Kizilkaya et al., 
2004; Zhang et al., 2004; Saviozzi et al., 2006; Khan et al., 2007; Cardelli et al., 2009; 
Stępniewska et al., 2009), in this research catalase activity was not inhibited by any of the 
monitored heavy metals, probably due to the low quantities of the metals and mitigating 
action of various factors such as soil org C and its pH. 
 
 
Hydrolytic enzymes 
 
Alkaline phosphatase (phosphomonoesterase) 
Alkaline phosphatase activity data of Pisa urban soils are reported in figure 4.34. 
They varied within a quite narrow range between 255.9 and 699.4 µg of pNP · g-1 dry soil · 
h-1, characterized by a mean of 486.4 and a median of 491.5 µg of pNP · g-1 soil · h-1.  
Control site showed a value of 232.1 µg of pNP · g-1 soil · h-1, statistically lower than 
the values found in almost all (95%) the monitored sites. Most of the areas (65%) showed 
phosphatase activity values of about 500.0 µg of pNP · g-1 soil · h-1, while in the sites 6 and 
31, were detected the highest activities of about 700.0 µg of pNP · g-1 soil · h-1. Similar 
values were also found in urban soils of Stuttgart, Germany, by Lorenz and Kandeler 
(2006), while the soils of Van, Turkey, showed about ten times lower amounts (Gulser & 
Erdogan, 2008). 
Alkaline phosphatase activity (table 4.24) was positively correlated with soil Org C 
and with the amount of C mineralization, according to Shan et al. (2008) and Papa et al. 
(2010), as well as with all the other enzyme activities measured in this experience, as 
already shown by Gulser and Erdogan (2008) in urban soils of Van, Turkey, and Khan et 
al. (2007), in soils collected in Beijing, China.    
Alkaline phosphatase also displayed a direct correlation with the antioxidant system 
of the soil, probably because both parameters were correlated with the soil organic carbon. 
In regard to connection with pollutants, as we can see in table 4.25, the alkaline 
phosphatase showed a weak positive correlation with the soil total content of Cd, Pb, Sr 
and Zn, while the activity is not inhibited by any of the monitored heavy metals, at least in 
the presence of the amounts detected in this research. These results partially contradict 
what was found by Gulser and Erdogan in the aforementioned experience (2008) and are 
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in contrast with results obtained by Hinojosa et al. (2004), Li et al. (2009), Cardelli et al. 
(2009), and Papa et al. (2010). 
 
Figure 4.34 
 
Alkaline phosphatase activity of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
The lack of correlation between phosphatase activity and heavy metals content of 
soils is probably due to the low quantities of the metals and mitigating action of soil org C 
and its pH, as suggested also by D'Ascoli et al. (2006), in a work on trace element 
contamination of volcanic soils in south Italy. 
 
Arylsulphatase 
Arylsulphatase activity data of Pisa urban soils are shown in figure 4.35. They varied 
within a fairly wide range between 19.1 and 95.6 µg of pNP · g-1 dry soil · h-1, characterized 
by a mean of 59.4 and a median of 61.6 µg of pNP · g-1 soil · h-1.  
Control site showed an arylsulphatase activity of 14.5 µg of pNP · g-1 soil · h-1, 
statistically lower than the values found in almost all (90%) the monitored sites, many of 
which (52%) displayed values between 50.0 and 75.0 µg of pNP · g-1 soil · h-1. The areas 
which showed the highest arylsulphatase activity were, as for other enzymes, number 6, 
24 and 31, the values of which went beyond 90.0 µg of pNP · g-1 soil · h-1. Similar values 
were also found in urban soils of Stuttgart, Germany, by Lorenz and Kandeler (2005).  
Arylsulphatase activity (table 4.24) was positively correlated with soil Org C and 
with the amount of C mineralization, in agreement with the results obtained from urban 
soils in Stuttgart, Germany (Lorenz & Kandeler, 2005) and , as well as with all the other 
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measured enzymatic activities, with the exception of the dehydrogenase. In other studies 
on the soil biological characteristics, the arylsulfatase showed a positive correlation with 
all other monitored enzymes, both in natural (D’Ascoli et al., 2006; Ҫetin et al., 2007), both 
in urban (Gulser & Erdogan, 2008) or variously disturbed (Taylor et al., 2002; Perez de 
Mora et al., 2005) soils. 
 
Figure 4.35 
 
Arylsulphatase activity of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
Arylsulphatase also displayed a positive correlation with the soil antioxidant activity and 
with soil phenolic substances determined in NaOH extracts, while no correlation was 
detected with the same parameters in water extracts. 
On regard to the pollutants, as we can see in table 4.25, the arylsulphatase activity showed 
no correlation with soil heavy metal content, in agreement with that recovered by Epelde 
et al. (2008) in a phytoextraction experience in heavy metal polluted soils, but in contrast 
with several others authors (Renella et al., 2004; Lorenz et al., 2006; Bhattacharyya et al., 
2008; Cardelli et al., 2009). Finally, arylsulphatase activity showed a negative correlation 
with total petroleum hydrocarbons, according to Gianfreda et al. (2005). 
 
β-glucosidase 
β-glucosidase activity data of Pisa urban soils are reported in figure 4.36. They varied 
within a quite narrow range between 105.8 and 785.9 µg of pNP · g-1 dry soil · h-1, 
characterized by a mean of 338.6 and a median of 321.7 µg of pNP · g-1 soil · h-1.  
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Control site showed a value of 42.8 µg of pNP · g-1 soil · h-1, statistically lower than the 
values found in all the monitored sites. Most of the areas (68%) displayed values between 
200.0 and 400.0 µg of pNP · g-1 soil · h-1, while the sites 6, 30, 28, and 31 showed the highest 
activity, exceeding 500.0 µg of pNP · g-1 soil · h-1. Similar values were also found in other 
Italian urban topsoils, in Naples, by Castalia et al. (2004) and in Caserta, by Papa et al. 
(2010).  
β-glycosidase activity, as shown in table 4.24, was positively correlated with soil org 
C, and with the cumulative mineralized C, according with Gonzalez et al. (2007), 
Rodriguez-Loinaga et al. (2008), and Ma et al. (2007), as well as with H, the Shannon-
Weaver index of biodiversity of soil microbial communities. 
 
Figure 4.36 
 
β-glucosidase activity of Pisa urban soils 
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It was also positively correlated with all the other enzyme activities measured with 
the exception of the dehydrogenase, in complete agreement with the findings of D'Ascoli 
et al. (2006) in a research regarding trace element contamination of southern Italy volcanic 
soils. Also Cetin et al. (2006), in a research regarding enzymatic activities of Turkish soils, 
Curci et al. (1997), in a work about the effects on conventional tillage on soil biochemical 
properties, and Taylor et al. (2002) monitoring topsoil biochemical features, found positive 
correlation between β-glucosidase and the other hydrolitic monitored enzymes. 
β-glucosidase also displayed a direct correlation with the antioxidant system of the 
soil. 
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Regarding pollutants, as we can observe in table 4.25, the β-glucosidase showed a 
positive correlation with the soil total content of Cd and Zn, and, albeit in a lesser extent, 
with Sb, while the activity is not inhibited by any of the other monitored heavy metals, at 
least in the presence of the amounts detected in this research. This trend was in contrast 
with the results of researches by several authors (Kuperman & Carreiro, 1997; Castaldi et 
al., 2004; Hinojosa et al., 2004; Renella et al., 2005; Lankinen et al., 2011). The lack of 
correlation between phosphatase activity and heavy metals content of soils is probably 
due to the low quantities of the metals and to mitigating action of soil org C, as assumed 
also by D'Ascoli et al. in the aforementioned research (2006). 
 
Lipase 
Lipase activity data of Pisa urban soils are reported in figure 4.37. They varied within 
a fairly limited range between 348.4 and 840.4 µg of pNP · g-1 dry soil · 10 minutes-1, 
characterized by a mean of 544.1 and a median of 539.3 µg of pNP · g-1 soil · 10 minutes-1.  
 
Figure 4.37 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
Control site showed a value of 330.2 µg of pNP · g-1 soil · 10 minutes-1, statistically 
lower than 50% of the values measured in the other monitored areas. Most of the areas 
(71%) showed similar values between 500.0 and 700.0 µg of pNP · g-1 soil · 10 minutes-1, 
while the site 15 showed the highest activity, higher than 800.0 µg of pNP · g-1 soil · 10 
minutes-1. Lipase activity (table 4.24) was positively correlated with soil Org C and with 
the amount of C mineralization, and, albeit in a lesser extent, with CLPP AWCD and H, 
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the Shannon-Weaver index of biodiversity of soil microbial communities, the latter 
correlations being in agreement with that revealed by some researchers who argued that 
enzyme activities were linked with CLPP AWCD, reflecting the physiological state of 
microbial cells (Preston-Mafham et al., 2002; Alarcon-Gutierrez et al., 2009). 
The enzyme was also positively correlated with all the other enzyme activities 
measured with the exception of the dehydrogenase. 
Lipase also displayed a direct correlation with the antioxidant system of the soil: this 
confirmed what found by other researchers (Alarcon-Gutierrez et al., 2009) who found that 
persistent groups such as alkyl-C were linked with high lipase activity. 
Regarding pollutants, as we can observe in table 4.25, lipase showed no correlation 
with any of the monitored heavy metals, at least in the presence of the amounts detected 
in this research. Any correlation of the enzyme was not detected even with organic 
pollution, although other authors (Margesin et al., 2000b; Riffaldi et al., 2006; Ugochukwu 
et al., 2008) have found a negative correlation between lipase activity and hydrocarbon 
contamination. 
 
Protease 
Protease activity data of Pisa urban soils are shown in figure 4.38. They varied within 
a fairly wide range between 5.27 and 19.17 µg of tyrosine · g-1 dry soil · 2h-1, characterized 
by a mean of 9.99 and a median of 9.38 µg of tyrosine · g-1 soil · 2h-1.  
 
Figure 4.38 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
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Control site showed a value of 1.97 µg of tyrosine · g-1 soil · 2h-1, statistically lower 
than the values found in most (77%) of the monitored sites. More than half of the areas 
(55%) displayed values between 7.00 and 12.00 µg of tyrosine · g-1 soil · 2h-1, while the sites 
6, 15, 22, 25, and 31, which showed the highest activity, showed values around 15.00 µg of 
tyrosine · g-1 soil · 2h-1 or slightly above. Similar values were also found in Italian urban 
soils in Naples, by Castaldi et al. (2004), and in Caserta, by Papa et al. (2010), as well as in 
soils of Dęblin, Poland by Baran et al. (2004). 
Protease activity (table 4.24) was positively correlated with soil Org C, as previously 
showed by Saviozzi et al. (2001), and with the amount of C mineralization. The last 
correlation was in agreement with what found by Asmar et al. (1992). 
Protease was also positively correlated with all the other measured enzyme activities 
with the exception of the dehydrogenase. Positive correlation of protease with other soil 
enzymes, both oxidative and hydrolytic, has been also demonstrated by Gonzalez et al. 
(2007) in three temperate ecosystems. 
Protease activity also displayed a direct correlation with the antioxidant system of the 
soil. 
Regarding pollutants, as we can observe in table 4.25, protease showed a direct 
correlation with the soil total content of Cd, Pb, and Zn, and, albeit in a lesser extent, with 
Cu, Sb, Sn, and Sr, while the activity is not inhibited by any of the monitored heavy 
metals, at least in the presence of the amounts detected in this research. In similar studies 
regarding heavy metal influence on soil biological features, protease showed controversial 
results. In fact in urban soils of Naples, Italy, the enzyme didn’t show any correlation with 
soil metal content (Castaldi et al., 2004), while in urban soils of Stuttgart, Germany 
protease activity was found to be negatively correlated to Cd but uncorrelated to As 
(Lorenz et al. 2006) and in soil of Caserta, Italy, the enzyme was found to be negatively 
related to Pb, Cd, and Cu contents (Papa et al., 2010). Finally, protease activity was showed 
to be negatively related to hydrocarbons in soils of Dęblin, Poland (Baran et al., 2004). 
 
Urease 
Urease activity data of Pisa urban soils are reported in figure 4.39. They varied within 
a quite large range between 0.11 and 2.25 mg of NH4-N · g-1 dry soil · 3h-1, characterized by 
a mean of 0.73 and a median of 0.68 mg of NH4-N · g-1 soil · 3h-1.  
Control site showed a value of 0.29 mg of NH4-N · g-1 soil · 3h-1, statistically equal 
than 23% of the values found in the other monitored sites. Most of the areas (45%) 
displayed similar values between 0.50 and 1.00 mg of NH4-N · g-1 soil · 3h-1. A smaller 
number of sites (16%) showed activity higher than 1.20 mg of NH4-N · g-1 soil · 3h-1, among 
which stood out the area number 31, which showed values of urease much higher, around 
2.25 mg of NH4-N · g-1 soil · 3h-1. Similar values were also found in urban soils of Naples, 
Italy, by Castaldi et al. (2004), and Stuttgart, Germany, by Lorenz and Kandeler (2005), as 
well as in Turkish agricultural soils by Kizilkaya et al. (2004). Urease activity (table 4.24) 
was positively correlated with soil org C, according to several authors (Babeanu et al., 
2003; Kizilkaya et al., 2004; Lorenz & Kandeler, 2005; D’Ascoli et al., 2006; Shi et al., 2008;) 
as well as with the cumulative mineralized C, as already shown by Gulser and Erdogan 
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(2008) in urban soils of Van, Turkey. Urease was also positively correlated, albeit in a 
lesser extent, with CLPP CMD (number of oxidized substrates), and H, the Shannon-Wea- 
ver index of biodiversity of soil microbial communities. 
Moreover, urease was also positively correlated with all the other monitored enzyme 
activities, according with D’Ascoli et al. (2006) and Gulser & Erdogan (2008). No 
correlation, however, was detected between urease and dehydrogenase. 
 
Figure 4.39 
 
Urease activity of Pisa urban soils 
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Different letters identifies statistically different data as tested with Tukey’s HSD test (p = 0.05). 
 
Urease also displayed a direct correlation with the antioxidant system of the soil. 
Regarding pollutants, as we can observe in table 4.25, urease showed a direct 
correlation with the soil total content of Cd, Cu, Pb, Sb, Sn and Zn, and, albeit in a lesser 
extent, with As and Sr. The activity is inhibited (negatively correlated) only by soil total 
Ni. Also the results found in the literature showed a controversial situation: in fact no 
correlation was found between urease and heavy metal contents in urban soils of Naples 
(Castaldi et al., 2004), while the enzyme related negatively, although in a non-strong way, 
with soil total content of Cr, Mn, and Pb (Gulser & Erdogan, 2008). Negative correlation 
was detected also with Cd, Cu and Zn (Hinojosa et al., 2004) and with hydrocarbons (Li et 
al., 2005). 
 
About the relationship between enzyme activities and soil pollutants, the differences 
between results reported in this study and those in the literature could be attributed to the 
complex interactions of factors affecting the soil microflora to their environment (Giller et 
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al., 1998). In this regard, microbial activities may be regulated by a lot of soil and 
environmental factors such as soil organic matter quality (Wardle, 1992; Ross & Tate, 1993 
Kögel-Knabner et al., 2010), physical and chemical soil characteristics (Leirós et al., 2000; 
Nielsen & Winding, 2002; Kögel-Knabner et al., 2008), activity of plants and animals (Giller 
et al., 1998). These factors also influence the amount of pollutant that reaches 
microorganisms (Giller et al., 1998). An additional complication is represented by the 
stabilizing interactions between extracellular enzymes and soil humic substances and 
colloids (Burns, 1982; Lähdesmäki & Piispanen, 1992). All of these factors, by controlling 
microbial parameters, might lead to apparently conflicting results when single microbial 
parameters are used as field biomarkers, even in quite similar soils. This might be 
especially true when pollution levels are not high enough to produce a net decrease of the 
overall ecosystems components and functions, as observed also in a similar research 
(Castaldi et al., 2004). In moderate pollution situations, the first parameters to be altered 
will be the most sensitive to both the pollutant and the overall stress. This depends on the 
ability of the pollutant in order to achieve the involved enzymes, on the required energy to 
support that function, and on the presence of other types of stress. In the present study, 
virtually all of the soil enzymatic activities and also community level physiological 
prophiling failed to provide a clear indication of stress by organic or inorganic pollution. 
Also in previous studies, the inability of single microbial parameters to describe microbial 
functionality has been demonstrated (Perucci, 1992; Trasar-Cepeda et al., 2000; Castaldi et 
al., 2004). 
In biomonitoring studies, where comparisons between sites characterized by low or 
medium levels of pollution are made, it would probably be better to use, instead of a single 
parameter, a set of multiple parameters, possibly considering also biochemical aspects of 
the stress adaptation physiology of the various microbial groups. For moderate levels of 
soil pollution, research corresponding to a holistic view of the problem would be 
appropriate, taking into account different parameters, and the possible conflicting effects 
that these parameters exert on the soil microflora. 
 
    
Antioxidative system 
Antioxidative system data of Pisa urban soil areas and control site were reported in 
figure 4.40. In the figure are shown the values relating to the antioxidant capacity (a and 
b), and phenolic substances (c and d), obtained by extraction in alkaline solution (a and c) 
and water (b and d). 
The alkali soluble soil antioxidant capacity, expressed in mM Trolox equivalents 
(TEAC) · g-1 dry soil, (part a), varied within a quite large range between 2.53 and 11.45 mM 
TEAC · g-1 soil, characterized by a mean of 5.63 and a median of 5.65 mM TEAC · g-1 soil. 
Control exhibited a value of 1.65 mM TEAC · g-1 soil, statistically identical only to the 
value of the site number 29, the area with the lowest org C content among the monitored 
ones. All the other areas showed higher values. Among them, the lower antioxidant 
activity has been detected in the sites 19 and 7, areas characterized respectively by a low 
content of org C and a high hydrocarbon pollution level. Most of the sites (77%) show 
similar values, between 4.00 and 7.00 mM TEAC · g-1 soil. 
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Figure 4.40 
 
a 
 
Alkali soluble soil antioxidant capacity 
 
b 
 
Water soluble soil antioxidant capacity (Rimmer & Smith 2009)
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(Rimmer & Smith 2009)
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c Alkali soluble soil phenolic substances d Water soluble soil phenolic substances (Martens et al. 2002)
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 The areas that had the highest antioxidant capacity, representing 13% of the total, 
were the numbers 1, 6, 15, and 31, characterized by high org C values, although highly 
polluted. 
The water soluble soil antioxidant capacity, varied within a quite large range between 
0.11 and 2.91 mM TEAC · g-1 dry soil, characterized by a mean of 0.49 and a median of 0.31 
mM TEAC · g-1 soil. Control exhibited a value of 0.08 mM TEAC · g-1 soil, statistically equal 
to more than half (55%) of the values of the monitored sites. All the other areas showed 
higher values. Among them, most (39% of the total) exhibited similar values, between 0.30 
and 0.80 mM TEAC · g-1 soil. The areas that had the highest antioxidant capacity, both 
more than 2.50 mM TEAC · g-1 soil, were the numbers 15 and 31, characterized by high 
pollution levels and by elevated org C values. 
The alkali soluble soil phenolic substances, (part c), varied within a fairly wide range 
between 71.2 and 731.1 μg of p-coumaric acid · g dry soil, characterized by a mean of 231.9 
and a median of 220.6 μg of p-coumaric acid · g soil. Control exhibited a value of 46.6 μg 
of p-coumaric acid · g dry soil, statistically equal to only two (6%) of the monitored areas: 
site number 19 and 29, that exhibited the lowest org C content among the monitored ones. 
All the other areas showed higher values. Among them, most (81%) exhibited similar 
values, between 100 and 250 μg of p-coumaric acid · g soil. The areas that revealed the 
highest phenolics content were the numbers 1, 6, 15, and 31, characterized by high org C 
values, although highly polluted. 
The water soluble soil phenolic substances, (part d), varied within a quite large range 
between 9.6 and 140.3 μg of p-coumaric acid · g dry soil, characterized by a mean of 38.7 
and a median of 32.7 μg of p-coumaric acid · g soil. Control showed a value of 17.1 μg of 
p-coumaric acid · g dry soil, statistically identical to the value of most (77%) of the 
monitored areas that exhibited similar values, between 10 and 40 μg of p-coumaric acid. 
The remaining 23 % of the areas showed higher phenolic substances contents. Among 
them areas number 15 and 31, characterized by high org C values, although highly 
polluted, showed the highest values. 
From the analysis of the distribution of the parameters between the examined sites, it 
is evident the variation of the soil antioxidant system in relation to the localization. This 
effect would be the result of different plant residue amounts with different phenolic 
compositions incorporation in soil, which were dependent on the soil type and land use 
and management, as already suggested by Rimmer & Abbott (2011). 
The correlation matrix among the soil biological features (table 4.24) showed a very 
close correlation (Pearson correlation coefficients > 0.850) between antioxidant capacity 
and phenolic substances, in the alkaline extracts, as well as in the aqueous ones. In the past 
the antioxidant capacity of soil phenolic substances has already been highlighted (Kim & 
Lee, 2004) and the high degree of correlation between the two parameters was noted by 
several researches (Rimmer, 2006; Rimmer & Smith, 2009; Rimmer & Abbott, 2010; 
Cardelli et al., 2012). Consistent with several authors (Rimmer & Smith, 2009; Rimmer & 
Abbott, 2011; Cardelli et al., 2012), antioxidant capacity and phenolic substances have been 
found both positively correlated with soil org C, being many of the potential precursors of 
soil organic matter (Kefeli et al., 2003) suspected to be active antioxidative substances 
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(Schlichting & Leinweber, 2009). The soil antioxidant system showed a positive correlation 
also with the cumulative respiratory activity and with most of the monitored enzymatic 
activities monitored, except for the dehydrogenase, towards which is not evident any type 
of correlation. Although some of the substances being part of the soil antioxidant system 
had a depressant effect with regard to microbial activity (Dickson et al., 2007), this 
correlation can be explained by the effect exerted on the microflora by the contemporary 
presence of a lot of other soil organic matter compounds, many of them having 
biostimulating action. The lack of positive correlation between antioxidant system and 
dehydrogenase activity seems logical, being the latter an oxidative type enzyme. A 
separate observation should be done with regard to the soil arylsulphatase activity: in fact 
this enzyme was positively correlated only with the alkali soluble fraction of the soil 
antioxidant system, not showing any correlation with the water-soluble fraction, 
suggesting the hypothesis that this enzymatic activity would take place thanks to the 
action of not hydrosoluble substances. 
Soil antioxidant system, especially with respect to its alkali-soluble components, 
showed positive correlation with some of the parameters resulting from trophic 
characterization of soil microbial communities, such as the number of metabolized 
substrates (CMD), and the Shannon-Weaver index of biodiversity (H), suggesting how the 
presence of an effective defense mechanism against oxidation is essential in conserving 
biodiversity, functional in this case, in the soil ecosystem. 
With regards to pollutants (table 4.25), the soil antioxidant system showed no 
correlation with with many of the monitored contaminants, while underlying a positive 
correlation with almost all the heavy metals that were included, according to the PCA 
analysis, in the pool that had the traffic as their main source. At the moment, in the 
literature has not been found any confirmation of this correlation, however, waiting for it 
and for insights by further analysis that correlation seems to suggest a stimulation of the 
antioxidant system of the soil by pollutants originating from urban vehicular traffic. 
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Table 4.24 
 
Correlation matrix of biological features data of urban soils of Pisa 
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Organic C 1 0,716 0,153 0,201 0,262 0,270 0,602 0,695 0,732 0,305 0,848 0,711 0,770 0,728 0,863 0,834 0,905 0,751
Cumulative respiration ** 1 0,102 0,446 0,552 0,592 0,652 0,718 0,810 0,292 0,734 0,654 0,726 0,641 0,849 0,571 0,776 0,590
Respiration K ns ns 1 0,239 0,319 0,278 0,205 0,007 0,022 0,075 0,113 0,014 -0,006 0,220 0,195 0,035 0,174 -0,025
CLPP AWCD ns * ns 1 0,749 0,667 0,336 0,214 0,305 -0,062 0,168 0,355 0,240 0,186 0,421 0,247 0,337 0,321
CLPP CMD ns ** ns ** 1 0,883 0,242 0,383 0,438 -0,203 0,104 0,261 0,281 0,355 0,496 0,384 0,480 0,504
CLPP H ns ** ns ** ** 1 0,348 0,466 0,464 -0,137 0,202 0,375 0,247 0,390 0,493 0,327 0,454 0,426
Arylsulphatase ** ** ns ns ns ns 1 0,712 0,652 0,210 0,812 0,541 0,627 0,540 0,699 0,234 0,622 0,286
Glucosidase ** ** ns ns * ** ** 1 0,830 0,222 0,746 0,577 0,629 0,674 0,800 0,521 0,770 0,626
Catalase ** ** ns ns * ** ** ** 1 0,306 0,739 0,537 0,726 0,761 0,798 0,570 0,785 0,609
Dehydrogenase ns ns ns ns ns ns ns ns ns 1 0,397 0,222 0,286 0,296 0,276 0,078 0,212 0,007
Phosphomonoesterase ** ** ns ns ns ns ** ** ** * 1 0,721 0,761 0,683 0,809 0,572 0,761 0,546
Lipase ** ** ns * ns * ** ** ** ns ** 1 0,576 0,490 0,792 0,633 0,723 0,607
Protease ** ** ns ns ns ns ** ** ** ns ** ** 1 0,560 0,760 0,604 0,744 0,592
Urease ** ** ns ns * * ** ** ** ns ** ** ** 1 0,756 0,561 0,817 0,566
Antiox. act. NaOH ** ** ns * ** ** ** ** ** ns ** ** ** ** 1 0,704 0,961 0,750
Antiox. act. H2O ** ** ns ns * ns ns ** ** ns ** ** ** ** ** 1 0,795 0,865
Phenols NaOH ** ** ns ns ** ** ** ** ** ns ** ** ** ** ** ** 1 0,817
Phenols H2O ** ** ns ns ** * ns ** ** ns ** ** ** ** ** ** ** 1
 
 
Values marked with two asterisks are characterized by significant correlations with a probability level of 1%, those marked by a single asterisk indicate 
significant correlations at a probability level of 5%, as proposed by Pearson. The coefficients of correlation used as discriminating to 30 degrees of freedom were: 
0.449 for p = 0.01 and 0.349 for p = 0.05 (Student, 1925). Correlations within a yellow cell are negative. 
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Table 4.25 
 
Correlation matrix of biological features and pollutants data of urban soils of Pisa 
 
 
organic C hydrocarbons Total As Total Cd Total Cr Total Cu Total Hg Total Mn Total Ni Total Pb Total Sb Total Sn Total Sr Total Zn
Total respiration ** ns ns * ns * ns ns ns ns ns ns ns ns
Total respiration AUC ** ns ns ns ns ns ns ns ns ns ns ns ns ns
Respiration K ns * ns ns ns ns ns ns ns ns ns ns ns ns
CLPP AWCD ns * ns ns ns ns ns ns ns ns ns ns ns ns
CLPP AWCD AUC ns ns ns ns ns ns ns ns ns ns ns ns ns ns
CLPP CMD ns ns ns ns ns ns ns ns ns ns ns ns ns ns
CLPP H ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Arylsulphatase ** ** ns ns ns ns ns ns ns ns ns ns ns ns
Glucosidase ** ns ns ** ns ns ns ns ns ns * ns ns **
Catalase ** ns ns ** ns ns ns ns ns * ** ns * **
Dehydrogenase ns ns ns ns ns ns ns ns ** ns ns ns ns ns
Phosphomonoesterase ** ns ns * ns ns ns ns ns * ns ns * *
Lipase ** ns ns ns ns ns ns ns ns ns ns ns ns ns
Protease ** ns ns ** ns * ns ns ns ** * * * **
Urease ** ns * ** ns ** ns ns ** ** ** ** * **
Antiox act NaOH ** ns ns ** ns * ns ns ns * * ns ns **
Antiox act H2O ** ns * ** ns * ns ns ns ** ** * * **
Phenols NaOH ** ns ns ** ns ** ns ns ns ** ** ns * **
Phenols H2O ** ns ns ** ns ns ns ns ns ** ** ns * **
 
Values marked with two asterisks are characterized by significant correlations with a probability level of 1%, those marked by a single asterisk indicate significant 
correlations at a probability level of 5%, as proposed by Pearson. The coefficients of correlation used as discriminating to 30 degrees of freedom were: 0.449 for p = 
0.01 and 0.349 for p = 0.05 (Student, 1925). Correlations within a yellow cell are negative. 
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Heavy metals content of tissues 
 
The heavy metals content of Taraxacum officinale Web. plants, collected in urban green 
areas of Pisa, dissected in their aerial and root parts, was determined only with respect to 
the control site and the 17 most contaminated areas, identified with a previous set of 
analysis. It should also be pointed out that, as regards the elements Cd, Ni and Pb, 
determinations were not possible, because the elements quantities were, in mineralized 
solutions, lower than the instrument detection limits. Finally, it must be highlighted that, 
at the sites 10, 17, 23, and 25, the dandelion was absent. 
Heavy metals contents in aboveground and belowground portions of Taraxacum 
officinale Web. plants, collected in urban green areas of Pisa, are reported in table 4.25. In 
aerial part, Cr varied between 2.0 and 20.0 mg kg-1 dry weight, characterized by a mean of 
5.89 and a median of 5.30 mg kg-1 dry weight, while in radical part it changed between 4.0 
and 14.7 mg kg-1 dry weight, characterized by a mean of 8.65 and a median of 8.70 mg kg-1 
dry weight. Cr contents of control were 2.7 and 8.7 mg kg-1 dry weight for aboveground 
and belowground parts, respectively. The Cr content in the examined tissues did not vary 
in most of the monitored sites, including control, and no differences were found either 
between the aerial part tissues and those of the radical part. 
Regarding Cu, it varied in the aboveground part within a range between 13.9 and 
28.2 mg kg-1 dry weight, characterized by a mean of a 18.1 and a median of 16.9 mg kg-1 
dry weight, while in radical part it ranged between 14.5 and 33.3 mg kg-1 dry weight, with 
a mean of a 19.3 and a median of 17.3 mg kg-1 dry weight. Dandelion tissues of control site 
showed Cu values of 18.1 and 19.3 mg kg-1 dry weight for aerial and root parts, 
respectively. Cu content in the examined tissues did not vary in almost all of the 
monitored sites, including the control, and no differences were found between the 
aboveground and belowground tissues. 
Manganese varied in aerial part in a wide range between 19.3 and 107.9 mg kg-1 dry 
weight, characterized by a mean of a 42.3 and a median of 40.9 mg kg-1 dry weight, while 
in radical part it varied between 19.7 and 90.9 mg kg-1 dry weight characterized by a mean 
of a 41.5 and a median of 29.2 mg kg-1 dry weight. Mn values of control were 42.3 and 41.5 
mg kg-1 dry weight for aboveground and belowground parts, respectively. With very few 
exceptions, Mn content in the examined tissues did not vary in the monitored sites, 
including control, and no differences were found either between the aerial part tissues and 
the radical ones. 
In aerial part, Zn varied between 63.1 and 196.8 mg kg-1 dry weight, with a mean of a 
117.3 and a median of 113.3 mg kg-1 dry weight, while in radical part it ranged between 
40.0 and 155.2 mg kg-1 dry weight, characterized by a mean of a 82.8 and a median of 76.7 
mg kg-1 dry weight. Zn contents of control plants were 117.3 and 82.8 mg kg-1 dry weight 
for aboveground and belowground parts, respectively. Also Zn content in the examined 
tissues did not vary in most of the monitored sites, including control, while, unlike the 
other examined elements, aerial part tissues content has been found to be sometimes 
greater than that of the root part, allowing the assumption of a translocation of the element 
towards the top of the plant. 
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Table 4.25 
Site
Cd Cr Cu Mn Ni Pb Zn Cd Cr Cu Mn Ni Pb Zn
0 n.d 2,7 de 16,7 def 23,3 def n.d n.d 116,7 abcdefg n.d 8,7 bcde 14,7 def 70,0 bc n.d n.d 56,7 fg
1 n.d 2,0 e 15,3 def 25,3 def n.d n.d 83,3 cdefg n.d 7,3 bcde 16,7 def 28,0 def n.d n.d 40,0 g
3 n.d 2,0 e 20,0 bcdef 23,3 def n.d n.d 113,3 abcdefg n.d 4,0 cde  15,3 def 24,7 def n.d n.d 53,3 fg
4 n.d 10,0 bcd 20,0 bcdef 50,0 cdef n.d n.d 100,0 bcdefg n.d 7,7 bcde 23,1 bcd 53,8 cd n.d n.d 53,8 fg
6 n.d 2,0 e 16,0 def 43,3 cdef n.d n.d 130,0 abcdef n.d 6,0 cde 15,3 def 42,0 cdef n.d n.d 66,7 efg
7 n.d 5,5 cde 20,8 bcdef 40,9 cdef n.d n.d 173,1 ab n.d 9,1 bcde 33,3 a 90,9 ab n.d n.d 151,2 abcde
8 n.d 5,7 cde 15,3 def 34,1 def n.d n.d 162,9 abc n.d 10,2 bcd 22,3 bcdef 29,2 def n.d n.d 77,7 cdefg
13 n.d 4,6 cde 13,9 f 41,4 cdef n.d n.d 87,6 bcdefg n.d 10,3 bcd 20,7 bcdef 72,4 bc n.d n.d 155,2 abcd
14 n.d 8,8 bcde 20,5 bcdef 49,5 cdef n.d n.d 123,9 abcdefg n.d 9,0 bcde 14,7 def 19,7 ef n.d n.d 63,7 fg
15 n.d 5,4 cde 16,9 def 34,4 def n.d n.d 105,0 bcdefg n.d 8,7 bcde 18,5 cdef 35,7 def n.d n.d 119,6 abcdefg
16 n.d 4,0 cde 16,0 def 30,7 def n.d n.d 83,3 cdefg n.d 14,7 ab 17,3 def 27,3 def n.d n.d 80,0 cdefg
21 n.d 5,3 cde 15,7 def 73,2 bc n.d n.d 121,5 abcdefg n.d 9,2 bcde 17,1 def 55,6 cd n.d n.d 78,5 cdefg
22 n.d 20,0 a 28,2 ab 107,9 a n.d n.d 196,8 a n.d 9,4 bcde 22,6 bcde 23,7 def n.d n.d 65,2 efg
24 n.d 11,2 bc 16,3 def 48,9 cdef n.d n.d 123,7 abcdefg n.d 14,5 ab 14,5 ef 29,1 def n.d n.d 111,8 abcdefg
25 X X X X X X X X X X X X X X
27 n.d 3,3 cde 18,7 cdef 32,0 def n.d n.d 103,3 bcdefg n.d 6,4 cde 20,1 bcdef 27,6 def n.d n.d 87,5 bcdefg
30 n.d 5,7 cde 19,6 cdef 41,2 cdef n.d n.d 63,1 fg n.d 7,8 bcde 26,5 abc 51,9 cde n.d n.d 76,7 cdefg
31 n.d 2,0 e 17,3 def 19,3 f n.d n.d 106,7 bcdefg n.d 4,0 cde  14,7 def 24,7 def n.d n.d 70,0 defg
Average n.d 5,9 18,1 42,3 n.d n.d 117,3 n.d 8,6 19,3 41,5 n.d n.d 82,8
Table values are referred to heavy metal content of vegetal tissues  mineralized in a microwave oven with nitric acid and oxygen peroxide
 Different letters identify statistically different data in accordance with Tukey HSD test  (p = 0,05)
Heavy metals content in tissues of Taraxacum officinale  Web.
 collected in Pisa's urban green areas (april-may 2009)
aerial part radical part
 
 
The values found in this experience are similar to those observed in other works on the dandelion, grown in heavy metals 
contaminated soils, both in the laboratory (Finžgar et al., 2007) and, outside, in urban soils (Normandin et al., 1998; Marr et al., 1999; 
Czarnowska & Milewska, 2000; Winter et al., 2000; Keane et al., 2001; Ge et al., 2002; Krolak et al., 2003; Niedžwiecki et al., 2004; Massa 
et al., 2010; Ligocki et al., 2011; Wilkomirski et al., 2011). 
Examination of the values in the table also showed, for Cr, Cu, and Mn contents, no difference between the shoots and the roots, 
as already found (Ge et al., 2002), suggesting a low dandelion bioavailability of these elements in urban soils, provided that they are 
not heavily contaminated, thanks to the ability of the plant to exclude them from its own metabolism. 
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These conclusions are supported also by the values of bioconcentration factor (BcF) 
and translocation index (TI) for the three elements. BCF evaluate the efficiency of the plant 
in HM accumulation: it was calculated as the percent ratio between the concentration of 
the metal in plant tissues and the concentration of the same metal in the corresponding 
soil (Kim et al., 2003). TI, according to Salt and Krämer (2000), was measured as the ratio 
between HM concentration in the shoot and in the root. 
The above mentioned, calculated for Cr, Cu, Mn, and Zn, are shown in Table 4.26. 
 
Table 4.26 
Indexes assessing HM bioconcentration or translocation in Taraxacum officinale collected in 
Pisa urban green areas 
shoot root shoot root shoot root shoot root
1 1,7 6,3 0,3 12,2 13,4 0,9 3,8 4,2 0,9 56,9 27,3 2,1
3 3,4 6,7 0,5 26,7 20,4 1,3 3,0 3,2 0,9 72,7 34,2 2,1
4 20,6 15,9 1,3 26,0 30,1 0,9 6,7 7,2 0,9 74,8 40,2 1,9
6 4,0 12,1 0,3 17,6 16,8 1,0 6,2 6,0 1,0 134,4 69,0 1,9
7 8,0 13,3 0,6 20,7 33,1 0,6 4,7 10,5 0,4 104,8 91,5 1,1
8 2,6 4,7 0,6 44,7 65,1 0,7 5,4 4,6 1,2 179,2 85,5 2,1
13 9,3 20,8 0,4 19,8 29,6 0,7 6,0 10,5 0,6 54,8 97,0 0,6
14 16,3 16,7 1,0 32,8 23,5 1,4 8,1 3,2 2,5 112,4 57,8 1,9
15 10,6 17,1 0,6 26,1 28,5 0,9 5,2 5,4 1,0 80,0 91,2 0,9
16 1,8 6,5 0,3 51,7 55,9 0,9 5,7 5,1 1,1 99,8 95,8 1,0
21 9,0 15,5 0,6 25,1 27,3 0,9 11,0 8,4 1,3 80,8 52,2 1,5
22 43,1 20,3 2,1 49,3 39,5 1,2 15,9 3,5 4,6 95,9 31,8 3,0
24 19,4 25,1 0,8 23,1 20,5 1,1 7,1 4,2 1,7 111,7 101,0 1,1
25
27 6,2 12,1 0,5 40,4 43,4 0,9 5,0 4,3 1,2 114,4 96,9 1,2
30 10,0 13,7 0,7 30,4 41,2 0,7 5,3 6,6 0,8 51,9 63,1 0,8
31 2,3 4,6 0,5 12,2 10,3 1,2 2,6 3,3 0,8 20,4 13,4 1,5
0 6,8 21,9 0,3 51,8 45,6 1,1 4,4 13,3 0,3 228,8 111,2 2,1
average 7,4 10,8 0,7 25,3 26,9 0,9 6,0 5,9 1,0 79,5 56,1 1,4
TI
BcF
TISite
Cr Cu Mn Zn
TI
BcF BcF
TI
BcF
  
For Cr, Cu, and Mn, BcF values relative to both aerial and radical part, always well 
below the cut-value of 100, testified the exclusion of these elements from the dandelion in 
respect to the soil matrix. Also TI evidenced the poor translocation of the elements from 
the radical part of the plant, where, in fact, they are more concentrated. The contents of all 
three elements in dandelion tissues, even when the plants were collected from sites with 
high pollution levels, were within the range of non-toxic concentrations (Kabata-Pendias, 
2001). As evident from the data reported in table 4.28, was not noticed any correlation 
between the elements concentrations in the plant tissues and the total content of the 
respective HM in soil, nor with their forms, in agreement with what found in other works 
on dandelion grown on HM polluted soils (Cook et al., 1994; Marr et al., 1999; Ge et al., 
2002; Rosselli et al., 2005). Obtained results permit to classify dandelion, with respect to Cr, 
Cu and Mn, as excluding plant, in contrast to what stated by Gjorgieva et al. (2011). 
A different situation can be detected for Zn, often more concentrated in the 
aboveground portion of the plant, where it reaches a concentration within the limits of 
toxicity (Kabata-Pendias, 2001). In fact TI was, in almost all sites, greater than unity, 
sometimes reaching the value of 2, testifying a Zn translocation towards the aerial part of 
the plant. BcF of the aerial part, in various sites greater than 100, suggested the element 
partitioning in aboveground portion of the plant. The same results, with respect to the 
metabolism of Zn in dandelion plants growing in a HM multi-polluted soil, reached by 
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Massa and co-workers (2010). So, it is presumable the ability of dandelion to accumulate 
Zn in its aboveground portion. Finally, from table 4.28 examination, emerged that Zn 
content in all plant tissues showed no correlation nor with the total content of the element 
in the soil, nor with any of its fractions. From the overall analysis of the situation 
regarding the HM in Taraxacum officinale Web. collected from urban soils, we can state 
that, regarding Cr, Cu and Mn, dandelion seems to work as avoider, while, conversely, the 
same plant seems to have the ability to accumulate Zn in its aerial part, without causing 
visible injuries. 
Metal chelating capacity (MCC) of Taraxacum officinale Web. plants collected from 
Pisa urban green areas is reported in figure 4.32. In aerial part, MCC varied in a wide 
range between 15.6% and 57.3% of the blank value, with a mean of a 31.9% and a median 
of 30.3%, while in radical part it fluctuated between 15.5% and 69.7%, characterized by a 
mean of a 48.9% and a median of 47.9%. MCC of control were 15.2% and 40.3%, for 
aboveground and belowground parts, respectively. Contrary to what is expected from an 
examination of the literature (Seregin & Ivanov, 2001), with very few exceptions, MCC did 
not show variations with respect to the location and the pollution different levels, 
highlighting little dissimilarities only between the aboveground part of the plant and the 
tissues of the belowground part, the latter showing, sometimes, a greater activity.  The 
MCC of the dandelion shoots was not correlated with that of the roots, nor with any other 
plant or soil parameter (see tables 4.26 and 4.27), while the MCC of the radical part 
showed a weak correlation with the phenols content of both parts of the plant, suggesting 
a possible involvement of these substances in the mechanism of HM inactivation. 
 
Figure 4.32 
Metal chelating capacity
of Taraxacum officinale Web. tissues
(april-may 2009)
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This phenolics role by has been also assumed by Gajic et al. (2009) that assessed the 
tolerance of Ligustrum ovalifolium L. plants against the Pb originated from traffic, noting 
that the plant maintained an optimal photosynthetic efficiency and activated a protection 
mechanisms consisting of an increase in leaf phenolics, which enable it to survive in 
habitats exposed to chronic Pb pollution stress. 
From an overall examination of MCC, we can conclude that, at the concentrations of 
pollutants found in this research, the HM detoxification mechanism of dandelion plant is 
poorly influenced by the presence of various heavy metals in the soil, both with respect to 
their total content, both as regards the HM forms. 
Thus, according to some authors, Taraxacum officinale Web. mechanisms of 
biochemical adaptation to HM soil pollution would be primarily based on intensification 
of lipid peroxidation, so stimulating seed production and increasing the phenotypic 
heterogeneity of dandelion populations (Zhuikova et al., 1999; Savinov et al., 2007) 
 
 
Photosynthetic mechanism 
 
Some of the main features of the photosynthetic metabolism of bioindicator 
Taraxacum officinale Web., collected in urban areas of the city of Pisa, are shown in figure 
4.29.  
Maximum quantum yield of PSII (FV/FM), i.e. photosystem II efficiency in conducting 
photochemical events (Strasser et al., 2007), varied fluctuating in a very narrow range 
between 0.808 and 0.838, characterized by a mean of 0.822 and a median of 0.823. The 
dandelion collected in the control site showed an FV/Fm value of 0.820. It was not possible 
to run comparison tests between the various averages, following the analysis of variance, 
since the data showed a non-normal distribution and, furthermore, subsequent 
normalization attempts through the most common methods have yielded no result. The 
empirical evaluation of FV/FM data found in plants of dandelion of the various monitored 
areas, however, allows us to affirm that the parameter did not vary with respect to the 
localization and that, moreover, it remained within the range from 0.780 to 0.860 typical of 
leaves of "healthy" plants (Björkman & Demmig, 1987), indicating the absence of 
significant stress situations.  
Also another among the photochemical quenching parameters, qP, i.e. proportion of 
open PSII centers (Maxwell & Johnson, 2000), varied fluctuating in a very narrow range 
between 0.802 and 0.940, characterized by a mean of 0.877 and a median of 0.882. The 
dandelion of the control site showed a qP value of 0.891, not statistically different from 
those found in the rest of the areas, all with identical values between them. Also with 
regard to this index we can affirm that it did not range as a function of the localization, 
even though the plants were grown on soils contaminated in very different ways and 
degrees. Therefore, from the point of view of photochemical quenching, all the plants of 
dandelion collected in the various monitored sites manifested an identical level of good 
photosynthetic efficiency. 
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Maximum electron transport rate (ETR) varied in a restricted range between 16.5 and 
21.6, characterized by a mean of 19.4 and a median of 19.6. The control site showed an ETR 
value of 20.1. Non-photochemical quenching coefficient (qNP), i.e. or the energy dissipation 
in the photosynthetic process through non-photochemical processes, like heat, varied in a 
range between 0.422 and 0.699, characterized by a mean of 0.559 and a median of 0.542. 
The control site showed a qNP value of 0.526. The effective quantum yield of PSII  (ΦPSII), 
whose data are not shown in Figure 4.29, fluctuated from 0.511 and 0.683, with a mean of 
0.602 and a median of 0.611. The value of the control site was 0.627, similar to those 
observed in all other areas. With regard to the last three parameters, it was not possible to 
run post-hoc tests, following the analysis of variance, because all three data-set showed a 
non-normal distribution and also subsequent normalization attempts through the most 
common methods have yielded no result. 
However, the empirical evaluation of the data of all the three fluorescence 
parameters showed the same pattern. In fact, qNP, ΦPSII and ETR, did not vary with respect 
to the localization showing that dandelion plants, although grown in sites differently 
polluted with respect to quantity and quality, showed typical values of a state of proper 
functioning of the photosynthetic mechanism, indicating the absence of significant stress 
situations.
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Figure 4.29 
Photosynthetic efficiency features of Taraxacum officinale Web. plants form urban soils of Pisa   
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Photosynthetic pigments data of plant bioindicator Taraxacum officinale Web., 
collected in urban areas of the city of Pisa, are shown in figure 4.30. 
 
Figure 4.30 
Photosynthetic pigment contents 
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The contents of chlorophyll a and chlorophyll b, determined separately, are presented 
together in the figure for convenience of discussion. 
Chlorophyll a content of Taraxacum tissues varied in a relatively low range between 
0.75 and 1.31μg chlorophyll cm-2 foliar tissue, characterized by a mean of 0.99 and a 
median of 0.98 μg chlorophyll cm-2 foliar tissue. Taraxacum plants collected from the 
control site showed a value of 0.92 μg chlorophyll cm-2 foliar tissue. Chlorophyll b content 
of Taraxacum tissues varied in a wide range between 0.23 and 0.70 μg chlorophyll cm-2 
foliar tissue, characterized by a mean of 0.39 and a median of 0.36 μg chlorophyll cm-2 
foliar tissue. Taraxacum plants collected from the control site showed a value of 0.28 μg 
chlorophyll cm-2 foliar tissue. Overall, the chlorophylls total content (data reported in 
figure 4.30) varied within a quite wide range of between 0.98 and 2.01 μg chlorophyll cm-2 
foliar tissue, with a mean of 1.38 and a median of 1.37μg chlorophyll cm-2 foliar tissue. 
Dandelion plants collected from control site showed a chlorophylls value of 1.20 μg 
chlorophyll cm-2 foliar tissue, equal to that of plants grown in the majority (85%) of the 
monitored areas, while in the other the value was slightly greater. 
As regards carotenoids, their total content varied within a quite narrow range of 
between 0.22 and 0.33 μg carotenoids cm-2 foliar tissue, with a mean and a median of 
0.27μg carotenoids cm-2 foliar tissue, identical to that of the dandelion plants collected 
from control site.  
The examination of the correlations between the different characteristics of the 
dandelion plants, collected from the monitored sites (table 4.27), showed strong links 
between the various photosynthetic pigments that are mutually related, while the 
chlorophylls content was inversely related to the antioxidant capacity of both the aerial 
and the radical part of the plants, albeit the latter more weakly. Moreover, the 
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photosynthetic pigments showed no correlation with the presence in the soil of the various 
HM and their different fractions (table 4.28). 
Therefore, also the overall examination of the photosynthetic pigments content of 
dandelion plants, showed modest variations among al monitored sites. No differences 
were found either towards plants of the control site, reinforcing the belief of the absence of 
significant stress in plants of all monitored areas. 
Similar results, highlighting a low sensitivity of the dandelion photosynthetic 
mechanism in answer to urban environment typical pollution, have already been noted in 
studies carried out in the past. In fact, also Lanaras et al. (1994) investigating the reaction of 
Taraxacum officinale Web. towards urban pollution of Thessaloniki (Greece), by measuring 
chlorophyll fluorescence parameters and leaf chlorophyll concentration, found that 
chlorophyll amount changed independently of pollution levels, while FV/FM did not show 
significant variation in relation to contamination. More recently, also Massa et al. (2010), 
characterizing heavy metals accumulating ability by autochthonous plants grown in an 
Italian multi-contaminated site, had shown in dandelion plants, despite soil 
contamination, a photochemical PSII efficiency (FV/FM ratio) of about 0,800, within the 
characteristic range of well-being plants. 
Although there is evidence that the HM excess  inhibits directly the photosynthetic 
electron transport (Krupa & Baszyński, 1995; Myśliwa-Kurdziel, 2002) as well as the 
activities of Calvin-Benson cycle enzymes or net assimilation of CO2 (Prasad & Strzałka 
1999), in many studies it has been shown that the occurrence of HM only slightly 
decreased the efficiency of PSII photochemistry, as evidenced by Cook et al. (1997) in bean, 
or, indeed, did not influenced PSII efficiency, as highlighted by Sgardelis et al. (1994) in 
Sonchus spp. and Taraxacum spp. plants grown in urban environment. Also Balasooriya 
and colleagues (2009) found no difference in chlorophyll b content in leaves of Taraxacum 
plants collected by urban soils of the city of Ghent, Belgium, while chlorophyll a showed a 
certain correlation with land use type. HM pollution has been shown to have no effect also 
on the chlorophyll content of some lichens species (Chettri et al., 1998). However, with 
respect to other species, environments and pollutants, also opposite responses were 
detected. For example, Cu excess was demonstrate to cause in vitro photoinhibition of PSII, 
decrease of leaf chlorophyll concentration and reduction of the thylakoid membrane 
network, in Phaseolus vulgaris L. (Pätsikkä et al., 2002), while still the same element caused 
in two Zea mays L. cultivars, decreases in effective quantum efficiency of PSII, ETR, and 
qP, causing also a drop of leaf chlorophyll and carotenoid contents (Deniz et al., 2007). Mn 
was demonstrated to decrease the effective quantum yield of photochemical energy 
conversion in photosystem II of some species of lichens (Paul & Hauck, 2006), while the 
sea grass Halophila ovalis showed quantum yield and chlorophyll content as the most 
sensitive measures of the photosynthetic processes affection by petrochemicals (Ralph & 
Burchett, 1998). 
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Antioxidant system 
 
Antioxidant system data of Taraxacum officinale Web. plants collected from Pisa urban 
green areas are reported in figure 4.31. 
In aerial part, antioxidant capacity (expressed as trolox equivalent antioxidant 
capacity TEAC) varied in a wide range between 7.3 and 305.3 mM trolox equivalent (TE) g-1 
fresh weight, characterized by a mean of a 76.4 and a median of 32.5 mM TE g-1 fresh 
weight, while in radical part it fluctuated between 25.9 and 74.3 mM TE g-1 fresh weight, 
with a mean and a median of 39.3 mM TE g-1 fresh weight. Antioxidant capacity of control 
were 132.6 and 40.5 mM TE g-1 fresh weight, for aboveground and belowground parts, 
respectively. With very few exceptions, antioxidant capacity in the examined tissues did 
not vary in the monitored sites, including control, and no differences were found either 
between the aerial part tissues and the radical ones. 
In aboveground part, phenolic substances varied in a wide range between 2.45 and 
30.13 mg of gallic acid * g-1 fresh weight, characterized by a mean of a 8.07 and a median of 
5.66 mg of gallic acid * g-1 fresh weight, while in belowground part it ranged between 2.80 
and 6.97 mg of gallic acid * g-1 fresh weight, characterized by a mean of a 4.73 and a 
median of 4.57 mg of gallic acid * g-1 fresh weight. Phenolic substances of plants collected 
from the control site were 9.83 and 3.99 mg of gallic acid * g-1 fresh weight, for aerial and 
radical parts, respectively. With very few exceptions, antioxidant capacity in the examined 
tissues did not vary in the monitored sites, including control, and no differences were 
found either between the aerial part tissues and the radical ones. 
This content in phenolic compounds are higher than those found in the same species 
by Zheng and Wang (2001), and are similar to those found by Sengul et al. (2009) and by 
Hudec et al. (2007), which also found a slightly higher antioxidant activity in the root than 
in the leaves. 
The antioxidant capacities of both parts of the plant were strongly correlated each 
other and with their own phenolics content, as shown in table 4.27. This was an expected 
correlation, since phenols are now recognized by all as one of the most active groups of 
antioxidants (Milic et al. 1998; Rice-Evans et al., 2006a) and has also been found by other 
authors (Katalinic et al., 2006). Antioxidant capacities of aerial and radical part are related 
also with the photochemical efficiency of PSII, while the aerial part antioxidant capacity 
also showed a direct correlation with the chlorophylls content. The components of the 
antioxidant mechanism of Taraxacum officinale Web are, with the exception of a few 
samples, fairly homogeneous between them. In particular, the antioxidant capacity of the 
underground part does not show differences with respect to the localization, while more 
marked differences are recorded with respect to the antioxidant capacity of the aerial part. 
The behaviour of the antioxidant capacity is closely related with that of the phenolic 
substances, as indeed also evidenced by the close correlation detected between the two 
parameters, in agreement with what is found in the bibliography, being the polyphenolic 
substances between the fundamental components of the antioxidant mechanism of the 
plant. 
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Figure 4.31 
Antioxidant system of Taraxacum officinale Web. plants collected from urban soils of Pisa 
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Table 4.27 
Correlation matrix among Taraxacum officinale Web. features 
 
photosynthetic features antioxidant features 
FV/FM qP qnP PSII yield ETR chlorophyll a chlorophyll b chlorophylls carotenoids DPPH ap DPPH rp phenolics ap phenolics rp MCC ap MCC rp 
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FV/FM 1 -0,798 0,882 0,890 0,881 -0,227 -0,240 -0,260 0,025 0,444 0,579 0,467 0,487 -0,285 -0,089 
qP ** 1 -0,779 0,903 0,898 0,051 0,039 0,046 0,031 0,016 -0,150 -0,029 -0,220 0,286 0,343 
qnP ** ** 1 -0,934 -0,912 0,055 0,025 0,052 0,152 0,123 0,257 0,135 0,258 -0,197 -0,154 
PS II yield ** ** ** 1 0,983 -0,040 0,015 -0,026 -0,099 -0,058 -0,210 -0,085 -0,198 0,235 0,313 
ETR ** ** ** ** 1 -0,052 0,019 -0,031 -0,132 -0,054 -0,216 -0,083 -0,212 0,211 0,271 
chlorophyll a ns ns ns ns ns 1 0,511 0,910 0,782 -0,448 -0,306 -0,406 -0,297 0,250 0,088 
chlorophyll b ns ns ns ns ns ** 1 0,821 0,057 -0,355 -0,324 -0,291 -0,199 0,250 -0,021 
chlorophylls ns ns ns ns ns ** ** 1 0,547 -0,467 -0,355 -0,407 -0,286 0,293 0,046 
carotenoids ns ns ns ns ns ** ns ** 1 -0,009 0,081 -0,002 -0,110 0,191 0,310 
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DPPH aerial part * ns ns ns ns * * ** ns 1 0,795 0,965 0,435 -0,116 0,408 
DPPH radical part ** ns ns ns ns ns ns * ns ** 1 0,853 0,644 -0,126 0,337 
phenolics aerial part ** ns ns ns ns * ns * ns ** ** 1 0,515 -0,017 0,382 
phenolics radical part ** ns ns ns ns ns ns ns ns * ** ** 1 0,183 0,438 
MCC aerial part ns ns ns ns ns ns ns ns ns ns ns ns ns 1 0,220 
MCC radical part ns ns ns ns ns ns ns ns ns * ns * * ns 1 
Values marked with two asterisks are characterized by significant correlations with a probability level of 1%, those marked by a single asterisk indicate 
significant correlations at a probability level of 5%, as proposed by Pearson. The coefficients of correlation used as discriminating to 30 degrees of freedom were: 
0.449 for p = 0.01 and 0.349 for p = 0.05 (Fisher, 1925). Correlations within a yellow cell are negative 
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Table 4.28 - Correlation matrix among characteristcs ofTaraxacum officinale Web. and Pisa urban soils features 
organic C TPH total As total Cd total Cr reduc Cr oxid Cr resid Cr total Cu reduc Cu oxid Cu resid Cu total Mn exch Mn
FvFm ns ns * ns ns ns ns * ns ns * ns ns ns
qP ns ns ns ns ns ns ns ns ns * ns ns ns ns
qnP ns ns ns ns ns ns ns ns ns ns ns ns ns ns
PSII yield ns ns ns ns ns ns ns ns ns ns ns ns ns ns
ETR ns ns ns ns ns ns ns ns ns ns ns ns ns ns
chlorophyll a ns ns ns ns ns ns ns * ns ns ns ns ns ns
chlorophyll b ns ns ns ns ns ns ns ns ns ns ns ns ns ns
chlorophylls ns ns ns ns ns ns ns * ns ns ns ns ns ns
carotenoids ns ns ns ns ns ns ns * ns ns ns ns ns ns
DPPH a.p. ns ns ns ns ns ns ns ns * ns * ns ns ns
DPPH r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
phenolics a.p. * ns ns * ns ns ns ns * ns * ns ns ns
phenolics r.p. ns ns ns ns ns * * ns ns ns ns ns ns ns
MCC a.p. ns ns ns ns * * * ns ns ns ns ns ns ns
MCC r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cr a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cr r.p. ns ns * * ns * ns ns * ns ns ns ns *
Cu a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cu r.p. ns * ns ns ns ns ns ns ns ns ns ns * ns
Mn a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mn r.p. ns ns ns ns ns ns ns ns ns * ns ns ns ns
Zn a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Zn r.p. ns ** ns ns ns ns ns ns ns ns ns ns ns ns
reduc Mn oxid Mn resid Mn total N i total Pb total Zn exch Zn reduc Zn oxid Zn resid Zn antiox act NaOH antiox act H 2O phenols NaOH phenols H 2O
FvFm ns ns ns ns ns * ns * * ns ns ns ns ns
qP ns ns ns ns ns ns ns ns ns ns ns ns ns ns
qnP ns ns ns ns ns ns ns ns ns ns ns ns ns ns
PSII yield ns ns ns ns ns ns ns ns ns ns ns ns ns ns
ETR ns ns ns ns ns ns ns ns ns ns ns ns ns ns
chlorophyll a ns ns ns ns ns ns ns ns ns ns ns ns ns ns
chlorophyll b ns ns ns ns ns ns ns ns ns ns ns ns ns ns
chlorophylls ns ns ns ns ns ns ns ns ns ns ns ns ns ns
carotenoids ns ns ns ns ns ns ns ns ns ns ns ns ns ns
DPPH a.p. ns ns ns ns ns ns ns ns ns * ns ns * ns
DPPH r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
phenolics a.p. ns ns ns ns ns ns ns ns * * * ns ** ns
phenolics r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
MCC a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
MCC r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cr a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cr r.p. ** ns ns ns ns ns ns ns ns * ns ns ns ns
Cu a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Cu r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mn a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mn r.p. ns ns ns ns ns ns ns ns ns ns * ns * ns
Zn a.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Zn r.p. ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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Values marked with two asterisks 
are characterized by significant 
correlations with a probability 
level of 1%, those marked by a 
single asterisk indicate significant 
correlations at a probability level 
of 5%, as proposed by Pearson. 
The coefficients of correlation 
used as discriminating to 16 
degrees of freedom were: 0.590 
for p = 0.01 and 0.468 for p = 0.05 
(Fisher, 1925). Correlations within 
yellow cells are negative 
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Conclusions 
 
The quality of 31 urban green areas in Pisa was assessed by monitoring topsoil 
physical, chemical and biological features and by using the plant bioindicator Taraxacum 
officinale Web. Results were compared with an extra-urban area (near S.Rossore-
Migliarino-Massaciuccoli Natural Park) and with the quantitative limits fixed by Italian 
Law (DLgs 152/2006). 
The monitored soils showed a significant variability with respect to content in 
skeleton (range 0% - 30%), while the bulk density varied from 1.3 to 2.1 kg * dm-3. 
The clearly prevailing texture was sandy-loam, while rare were the cases in which the 
clay component had a certain consistency. 
The pH was tendentially sub-alkaline, with an interval of variability ranging from 7.2 
(few cases of sites with neutral pH) to 8.3. 
The majority of the soil had a low content of total lime, rare were the cases of areas 
with medium limestone content, while a site highlighted high value. 
All sites showed organic C contents considerably higher than the control (that 
showed 0.9 g C * 100g-1 soil), presenting, within this feature, a marked variability (1.3 - 7.5 
g C * 100g-1 of soil). 
The legal limit for total petroleum hydrocarbons in areas for residential use of 60 
ppm (Legislative Decree 152/2006) was exceeded in almost all monitored sites, including 
control. In more than half of the areas, the total petroleum hydrocarbons value was in the 
range between 100 and 150 ppm, highlighting a widespread and intense pollution 
throughout the entire city area. 
Also with regard to heavy metals were recorded problematic situations. 
The total Pb content among the various monitored sites was almost always higher 
than the control. In about 30% of the monitored areas measured values exceeded the limit 
of 100 mg / kg soil, established by Italian legislation for residential use areas (Legislative 
Decree 152/2006). Being in a limited extent part of the pedogenic substrate, it is assumed 
that Pb enrichment was originated from vehicular traffic, having been for years tetraethyl 
lead the main antiknock used in petrol. The Pb labile and oxidizable fractions were not 
very present in all areas, where the majority of the element was found in the reducible 
fraction (70-80% of the total) while the residual was found in smaller quantities (15-25%). 
The total Zn content of monitored soils was in all cases higher than the control being 
in half of the cases exceeding the limit of the Italian legislation for residential use areas 
(Legislative Decree 152/2006). Also for Zn anthropogenic origin has been suggested, due to 
vehicular traffic, in particular resulting from abrasion of tires. The labile fraction, absent in 
the control, was present in all other areas, more marked in sites that showed a higher total 
content. The element was mostly localized in the reducible fraction, more rich in the most 
polluted areas. The oxidizable fraction, absent in the control, showed relatively low values 
in all the areas, while the residual fraction was around 50% of the total and seemed to 
suffer a marginal accumulation of the element. 
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With few exceptions, the total Cu content of copper was, in the various monitored 
areas, greater than the control. In most sites it was around 60 mg / kg soil. In only two 
situations Cu was found to exceed the limit of the Italian legislation for areas for 
residential use (Legislative Decree 152/2006). It was assumed that this increase was due to 
vehicular traffic as well as to civil and industrial activities. While the labile fraction was 
absent in all areas, most of the element was located in the residual fraction (approximately 
60% of the total). In the oxidizable and reducible fractions were found smaller quantities 
(10-20% and 20-30% respectively). In areas with a significant enrichment of the element, 
this was added to the reducible and oxidizable fractions, while the residual one seemed to 
be affected only marginally by the added element. 
The total Cr content of the monitored sites, with rare exceptions, was around 50 mg / 
kg soil. In only two situations it was found to exceed the limit of the Italian legislation for 
areas for residential use (Legislative Decree 152/2006). Being present at low levels in the 
pedogenic substrate, it was assumed that these enrichments were due to waste disposal. 
The labile fraction was absent in all areas. In unpolluted areas, the majority of the element 
was found in the residual fraction (70-80% of the total), being in the reducible and 
oxidisable ones lower quantities (8-10% and 10-15% respectively). In polluted areas, Cr 
went to increase, above all, the oxidisable fraction that reached 50% of the total. 
The total Hg content presented a wide variability: in front of a majority of sites that 
had an amount equal to the control, some areas exhibited a marked enrichment, even 
surpassing the limits of the law relating to areas for industrial use. Being present in a 
minimum extent in the pedogenic substrate, it must be assumed the disposal in the 
affected areas of Hg-containing waste, probably of industrial origin. 
Nickel and Mn showed no enrichment among the monitored sites. The Ni was 
localized predominantly in the residual fraction, while the Mn in the exchangeable fraction 
and, above all, in the reducible one. 
The total content in Cd showed for a limited number of sites a modest enrichment 
compared to the control. A certain enrichment was detected in the monitored areas also 
for Sr and, to a greater extent, for Sb and Sn. 
Through the correlation analysis and principal component analysis four heavy metals 
distribution patterns were identified in urban soils of the city of Pisa. The first pattern 
(factor), identified as consisting of all those elements that have vehicular traffic as their 
primary source, was composed by Sb, Zn, Sn, Pb, Cd, As, Cu, and Sr. The second pattern, 
consisting of all those elements which have pedogenic substrate as their main origin, was 
constituted by Fe, Ni, and Mn, while pattern 3 and 4 were each constituted by a single 
variable, represented respectively by Cr and Hg. 
Hierarchical clustering analysis of contaminants allowed us to classify the various 
monitored sites in clusters with different degrees of pollution. Were identified a large 
cluster characterized  by little or no polluted sites, another of sites affected by a moderate 
degree of multi-element pollution and a third cluster constituted by strongly polluted 
areas, characterized by large quantities of various types of contaminants. The presence of 
two small clusters each consisting of two areas, each characterized by the massive 
presence respectively of Cr and Hg, was also detected. 
Chapter 5 Conclusions 
 
 178
Geostatistical analysis, by using ordinary kriging interpolation, showed that 
hydrocarbons were distributed mostly in the northern part of the city, across the river 
Arno, while Zn showed a more even distribution, collected in the central part of the city. 
The Ni showed low levels, with even distribution across the whole city. The probability of 
exceeding hydrocarbons legal limits were greater than 60% throughout the city, touching 
90% in the whole northern part. Lower was the risk for other pollutants, between 10 and 
20% for the Zn, almost always below 10% for Cr. 
Some sites showed the beginning of the accumulation of platinum group elements (Pt 
and Pd). 
A mixed and articulated picture emerged from the analysis of biological 
characteristics of monitored soils. 
Among the various monitored sites was evident a considerable difference in the 
quantity of mineralized C due to the location, registering the higher amounts of evolved 
CO2-C in sites rich in organic matter, although also rich in pollutants. The soil organic C 
mineralization was positively correlated, as expected, to the soil organic C content and to 
most of the enzymatic activities, except for the dehydrogenase. It was also positively 
correlated with the antioxidant capacity of the soil, with the phenolic substances and any 
of the parameters resulting from trophic characterization of microbial communities in the 
soil. 
The soil microbial communities showed, from the trophic point of view, little 
variability in relation to location. In fact all the three parameters  originated from 
community level physiological prophiling (CLPP): average well color development 
(AWCD) average respiration of various carbonaceous sources supplied to the microbial 
community; community metabolic diversity (CMD) number of substrates metabolized by 
the microbial community; Shannon-Weaver diversity index (H), measure of the 
biodiversity of a population, encompassing both wealth and uniformity of use of 
substrates showed a limited variability in relation to location. Even the pattern of 
consumption of individual substrates and the various classes of compounds 
(carbohydrates, carboxylic acids, amino acids, phenols, amines, polymers) had minimal 
variations in relation to the location of sites. 
On the contrary, the various enzymatic activities (catalase, alkaline phosphatase, 
arylsulphatase, β-glucosidase, lipase, protease, urease) presented a wide variability 
between the monitored sites. The control site typically showed for all the activities lower 
activity compared to all other. The enzymatic activities were nevertheless related to each 
other, except dehydrogenase activity, and also showed a positive correlation with the soil 
organic C content and with its antioxidant capacity, while not revealed susceptibility 
regard to the presence of different doses of the various pollutants. The dehydrogenase 
activity, uncorrelated with all other individual activities except that for the 
phosphomonoesterase, was not influenced by the organic C, and was adversely affected 
by the total nickel content. 
The soil antioxidant capacity and soil phenolic substances, determined by means of 
alkali and water extractions, showed the higher values as regards the soda extract, even if 
the two solutions exhibit remarkably similar pattern. The antioxidant capacity and the 
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phenolic substances showed each other a very close positive correlation. The two 
parameters were positively correlated to the soil organic C, to C mineralization, and to 
most of the enzymatic activities, except for the dehydrogenase, while no correlation was 
evident with the parameters resulting from trophic characterization of microbial 
communities in the soil and with the antioxidant capacity of plants collected in the same 
areas. 
As regards to the characteristics of the plant bioindicator Taraxacum officinale Web., 
this showed an overall low sensitivity towards the conditions of the urban environment of 
Pisa. 
The presence of contaminants did not cause significant alteration of the 
photosynthetic metabolism of the plant bioindicator Taraxacum officinale Web. In fact in the 
monitored species, the efficiency of PSII in conducting photochemical events (FV / FM) did 
not vary as a function of location, remaining the parameter in fact inside the interval 0.800 
to 0.835, typical of leaves of "healthy" plants, so indicating the absence of significant stress 
situations. The examination of chlorophylls and carotenoids content, that show minor 
variations between plants of the different monitored sites, led to the same conclusions. No 
significant difference was also noted as regards the coefficient of photochemical quenching 
(qP) of plants monitored in the various sites, which showed all an identical level of 
photosynthetic efficiency. Even the parameters qnP, ΦPSII and ETR, which represent 
respectively the non-photochemical quenching, that is, the energy dissipation in the 
photosynthetic process through non-photochemical processes, the effective quantum yield 
of photosystem II and the rate of electron transport, did not vary between plants of 
different monitored sites, showing typical values of a state of proper functioning of the 
photosynthetic mechanism. 
With very few exceptions, no significant differences were found also among the 
heavy metals content in the aboveground and underground parts of Taraxacum officinale 
Web. plants collected in the monitored sites. While has not been possible to measure Cd, 
Ni and Pb because these elements were in mineralized in quantities lower than the limits 
of detection of the instrument. Indexes for Cr, Cu, and Mn, testified the exclusion of these 
elements from the dandelion in respect to the soil matrix and the poor translocation of the 
elements from the radical part of the plant. The contents of all three elements in dandelion 
tissues, even when the plants were collected from sites with high pollution levels, were 
within the range of non-toxic concentrations. This suggested the ability of the dandelion to 
exclude metals from their metabolism, at least when they are present in these quantities. It 
was not noticed any correlation between the elements concentrations in the plant tissues 
and the total content of the respective HM in soil, nor with their forms. A different 
situation was detected for Zn, more concentrated in the aboveground part of the plant, to 
which the element was shown to be translocated. For Zn, the element partitioning in 
aboveground portion of the plant was suggested. Regarding Cr, Cu and Mn, dandelion 
seemed to work as avoider, while, conversely, the same plant seemed to have the ability to 
accumulate Zn in its aerial part, without causing visible injuries. 
Metal chelating capacity (MCC) of Taraxacum officinale Web. did not show variations 
with respect to the location and the pollution different levels, showed higher values in the 
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radical part of the plant, where it exhibited correlation with the phenols, suggesting a 
possible involvement of these substances in the mechanism of HM inactivation. 
With very few exceptions, antioxidant capacity of Taraxacum officinale Web. did not 
vary among the monitored sites, including control, and no differences were found either 
between the aerial part tissues and the radical ones. The behaviour of the antioxidant 
capacity is closely related with that of the phenolic substances, as indeed also evidenced 
by the close correlation detected between the two parameters. 
We can conclude that the degree of pollution of the green areas of the city of Pisa, 
which has been shown to be present, did not cause severe problems to the biomarkers 
used in this work. Are probably required more sensitive bioindicators to detect this degree 
of contamination. 
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Appendix 
 
 
In this appendix is shown an example of the information 
sheet made for each monitored area. It was written in Italian 
language because, in the author's intentions, should have been 
an important and useful tool for administrators, 
environmental engineers and land managers in order to 
monitor urban areas quality in the course of time. 
 
In the following pages are reported also several examples 
of graphical comparisons between the consumption of 
different groups of dispensed substances by the soil microbial 
community of different areas, while executing community 
level physiological prophile (CLPP). 
 
 
  
23 rotatoria Caduti di San Quirico di Valleriana 
Tipologia VAS 
Circoscrizione 5 
Distanza da strada Adiacente (al centro di un trivio) 
Situazione logistica 
Grande aiuola centrale circolare del diametro 50 m delimitata da cordoli di cemento di circa 10 cm di altezza; 
vicino ai bordi esterni presenza di 3 aree recintate in legno contenenti bordure con adiacenti a ciascuna una 
scultura di arte topiaria raffigurante la torre di Pisa; presenza al centro dell’aiuola di una grande antenna di 
telefonia mobile, tombini, impianti di ventilazione, impianti di illuminazione, segnalazioni stradali. Presenza 
di n. 3 aiuole laterali spartitraffico di forma triangolare. 
Alberature Bordure di Evonimus japonicus L.; 3 sculture di arte topiaria realizzate con Ligustrum jonandrum L. 
Copertura erbacea 
Graminacee nettamente prevalenti: Cynodon dactylon (L.) Pers. , Poa spp. Altre specie presenti: molto numerose 
Convolvolus spp., Potentilla reptans L., Verbascum sinuatum L., più rare Cichorium intybus L., Lotus corniculatus L., 
Taraxacum officinale Web., Sonchus spp., Rumex spp., Echinochloa crux galli (L.) Beauv. 
Stato manutenzione Abbastanza carente 
Traffico Molto intenso 
Prelievo Di normale difficoltà, presenza di rari grossi ciottoli di dimensioni maggiori del diametro del carotatore 
Foto 
    
Caratteristiche suolo 
          Note 
 Tessitura pH C org Calcare  Idrocarburi  
Franco-sabb.-argillosa 7,62 2,39 6,46  101,99  
As Cd Cr Cu Hg Mn Ni Pb Zn Pt Pd 2009 
5,5 0,21 61,5 68,4 0,11 804 60,9 47,9 87,9 <2 <10 
C org e Calcare espressi in %; 
Idrocarburi e metalli pesanti in ppm; 
Pt e Pd in ppb 
  
Comparison sites 0 – 1 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 1
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 1
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 1
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 1
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 1
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
 
 
 
 
 
 
  
 
 
Comparison sites 0 – 2 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 2
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 2
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 2
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 2
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 2
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
 
  
Comparison sites 0 – 4 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 4
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 4
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 4
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s
 
su
bs
tr
at
i
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 4
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 4
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
 
  
Comparison sites 0 – 6 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 6
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
to
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 6
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 6
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 6
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 6
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
at
i
 
 
  
Comparison sites 0 – 7 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 7
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 7
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 7
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine e fenoli
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
s
u
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 7
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
s
u
bs
tr
a
ti
 
 
  
Comparison sites 0 – 8 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 8
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 8
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s
 
su
bs
tr
at
i
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 8
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
s
u
bs
tr
at
i
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 8
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 8
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
 
  
Comparison sites 0 – 11 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 11
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
s
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a
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Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 11
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Amminoacidi 0
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0,500
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1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
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a
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L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 11
0,000
0,500
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1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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a
ti
 
Amine + fenoli 0
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1,500
2,000
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Tempo (gg)
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2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 11
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1,500
2,000
2,500
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Tempo (gg)
A
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Polimeri 0
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Polimeri 11
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1,000
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A
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Comparison sites 0 – 14 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 14
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
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b
st
ra
ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 14
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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s 
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a
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L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 14
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
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b
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ti
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
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bs
tr
at
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2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 14
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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ti
 
Polimeri 0
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tween 40
tween 80
α-cyclodextrin
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Polimeri 14
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Comparison sites 0 – 15 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 15
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 7 8 9 10
Tempo (gg)
A
b
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ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 15
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
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ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
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a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 15
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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ra
ti
 
Amine + fenoli 0
0,000
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1,000
1,500
2,000
2,500
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Tempo (gg)
ab
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2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 15
0,000
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1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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Polimeri 0
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1,500
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Tempo (gg)
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s 
su
bs
tr
a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 15
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Tempo (gg)
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Comparison sites 0 – 21 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
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a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 21
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 21
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
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a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 21
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 21
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
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ra
ti
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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su
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a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 21
0,000
0,500
1,000
1,500
2,000
2,500
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Tempo (gg)
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Comparison sites 0 – 22 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 22
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 22
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
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b
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ra
ti
 
Amminoacidi 0
0,000
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1,000
1,500
2,000
2,500
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Tempo (gg)
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s 
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L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 22
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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b
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Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
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Tempo (gg)
ab
s 
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2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 22
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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b
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ti
 
Polimeri 0
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1,500
2,000
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tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 22
0,000
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1,000
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2,500
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Tempo (gg)
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Comparison sites 0 – 24 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 24
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
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b
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ra
ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 24
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 24
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
su
bs
tr
at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 24
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
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s 
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bs
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a
ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 24
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
 
  
Comparison sites 0 – 25 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 25
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Acidi carbossilici 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 25
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 25
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amine + fenoli 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
ab
s 
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bs
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at
i
 
2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 25
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
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ra
ti
 
Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
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Tempo (gg)
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ti
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 25
0,000
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1,000
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2,000
2,500
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Tempo (gg)
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Comparison sites 0 – 27 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
tr
a
ti
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 27
0,000
0,500
1,000
1,500
2,000
2,500
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Tempo (gg)
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Acidi carbossilici 0
0,000
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1,000
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2,000
2,500
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Tempo (gg)
A
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at
i
 
Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 27
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Amminoacidi 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
Ab
s 
su
bs
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a
ti
 
L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 27
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
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b
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ra
ti
 
Amine + fenoli 0
0,000
0,500
1,000
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2,000
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Tempo (gg)
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2-hydroxy benzoic acid
4-hydroxy benzoic acid
phenylethyl-amine
putrescine
 
Amine + fenoli 27
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2,000
2,500
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Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
Polimeri 0
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tween 40
tween 80
α-cyclodextrin
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Polimeri 27
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Comparison sites 0 – 28 
Carboidrati 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
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at
i
 
ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
D-mannitol
N-acetyl-D-glucosamine
D-cellobiose
glucose-1-phosphate
α-D-lactose
D-L-α-glycerol posphate
 
Carboidrati 28
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1,000
1,500
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Pyruvic acid methyl
ester
D-galacturonic acid
γ-hydroxybutyric acid
D-glucosaminic acid
Itaconic acid
α-ketobutyric acid
D-malic acid
 
Acidi carbossilici 28
0,000
0,500
1,000
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Tempo (gg)
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Amminoacidi 0
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Tempo (gg)
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L-arginine
L-asparagine
L-phenylalanine
L-serine
L-threonine
glycyl-L-glutamic acid
 
Amminoacidi 28
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2-hydroxy benzoic acid
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Polimeri 0
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
bs
 
su
bs
tr
at
i
 
tween 40
tween 80
α-cyclodextrin
glycogen
 
Polimeri 28
0,000
0,500
1,000
1,500
2,000
2,500
0 1 2 3 4 5 6 7 8 9 10
Tempo (gg)
A
b
s 
su
b
st
ra
ti
 
 
 
  
Comparison sites 0 – 31 
Carboidrati 0
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Tempo (gg)
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ß-methyl-D-glucoside
D-galactonic acid γ-
lactone
D-xylose
i-erythritol
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